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Preface

This book presents the latest advancements and trends in ZnO nanostructures,
encompassing their synthesis, applications, and theoretical insights. Key areas include
environmental science, where ZnO nanoparticles offer significant potential for
pollution control and sustainable development, and biomedical science, where their
biocompatibility and multifunctionality pave the way for diagnostics, treatments,

and drug delivery innovations.

Theoretical and computational studies provide a deeper understanding of ZnO’s
structural behavior under diverse conditions, expanding its technological applica-
tions. In addition, discussions on doped and structured ZnO nanomaterials high-
light advancements in enhancing electrical, optical, and magnetic functionalities.
Agricultural applications of ZnO nanoparticles demonstrate their role in improving
crop yield and quality, addressing global food security challenges. Moreover,
precise control of ZnO nanostructures continues to advance their use in sensors,
electronics, and other technological devices.

The book also explores bioinspired approaches, showcasing how nature can inspire the
design of nanomaterials with tailored properties, merging biology with cutting-edge
nanotechnology.

By bridging diverse fields—environmental science, biomedicine, computational
modelling, materials engineering, agriculture, and bioinspired nanotechnology—this
book provides researchers, academics, and industry professionals with a comprehen-
sive understanding of ZnO nanoparticles’ critical role in addressing modern scientific
and industrial challenges. It emphasizes their versatility and importance in shaping
the future of science and technology.

Ana Rovisco and Ana Pimentel

CENIMATY/i3N, Department of Materials Science,

NOVA School of Science and Technology (NOVA-FCT) and CEMOP/UNINOVA,
NOVA University Lisbon,

Caparica, Portugal






Chapter 1

Review of Synthesis,
Characteristics, and Applications of
Doped Zinc Oxide Nanostructures

Hadba Hussain

Abstract

Zinc oxide (ZnO) is a unique material due to its physical and chemical properties,
such as wide bandgap at room temperature (RT) (3.37 eV) and high binding energy
(60 meV). This chapter contains the most important synthesis methods of doped ZnO
nanostructure preparation. The most common methods for preparing nanoparticles
(NPs) and thin films (TFs) are sol-gel, precipitation, and hydrothermal. The effects of
doping appear in various forms and properties. Therefore, doped ZnO nanostructure
characteristics are described to explain the structural properties, including the particle
size measurement methods and the other features based on XRD data and others, and
optical properties contain the approaches of bandgap energy calculations depending on
UV-visible results, as well as electrical and magnetic properties. The doped ZnO
nanostructures’ properties change after doping with metals and non-metals. The last part
of the chapter illustrates the most prevalent and crucial applications, starting with med-
icine, followed by photocatalysis, photovoltaic, UV absorbers and photodetectors, and
sensors, and finishing with a light-emitting diode (LED). This review provides valuable
information when dealing with works related to pure and doped ZnO nanostructures.

Keywords: ZnO, doped ZnO, nanostructures, nanoparticles, thin films, structure
properties, optical properties, electrical properties, bandgap engineering, magnetic
properties, synthesis, applications, drug delivery, photocatalysis, photovoltaic, sensor,
UV absorber, light emitting diode (LED)

1. Introduction

Zinc oxide (ZnO) material is one of the most dominant materials due to its unique
properties, such as bandgap energy at room temperature (RT) around 3.4 eV and its
exciton binding energy ~ 60 meV [1]. In addition, it has the ability to grow one single
crystal over the substrate, a favorite material with wet chemical processes such as etching,
low threshold energy for optical applications, biocompatibility, and solidity of radiation.

ZnO has two structures, cubic shaped in zincblende and rocksalt (NaCl) struc-
tures; also hexagonal shaped in wurtzite structure; one single zinc (Zn) atom
surrounded by four oxygen (O) atoms; and vice versa. The most known polar faces
with an equal polarity with the same number of O and Zn atoms are the Zn face
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(0001), which is the essential face, the O-face (0001) (c-axis), and non-polar faces
(1120) (a-axis) and (1010). The polarity of the structure faces contributes to deter-
mining the properties, where the O-terminated faces have various electronic struc-
tures; the (1010) face and polar surfaces are more stable, while the (1120) face is less
stable and has a higher surface roughness [2, 3]. The a and c are the lattice parameters
of the ZnO hexagonal unit cell, where a = 3.2495 A and ¢ = 5.2069 A, while the density
is 5.605 g.cm > [4]. Thus, materials and elements are doping into ZnO structures for
further improvements and enhancement. These dopants are rare earth, transmission
metal, and other elements such as aluminum (Al), magnesium (Mg), nitrogen (N),
and others, depending on specific applications.

Therefore, when an element is added to ZnO, the length of the lattice parameters
changes as the added element atom replaces the Zn atom,; this, in turn, affects the Full
Width at Half Maximum (FWHM) of the XRD pattern of the structure, as well as the
crystal’s size, volume, interplanar space, strain, stress, and other properties. For instance,
when ZnO is doped with a concentration starting from 0 to 1% of manganese (Mn), it
increases linearly with the Mn content, meaning that Mn*? ions substitute for Zn*? ions
[5], where doped ZnO by low concentration of Si enhanced the crystalline while it
deteriorates with high Si content [6]. More details will appear in the later section.

ZnO nanostructures are naturally n-type and have high electron mobility and low
resistivity; thus, they are good conductors [7]. Electron mobility is strongly affected
by temperature, while resistivity depends on the thickness. In addition, the electron
Hall mobility of ZnO at 300 K for low n-type conductivity is p = 200 cm?/V.s and 5~
50 cm?/V.s for low p-type conductivity [8].

The electronic band structure of ZnO is direct bandgap energy, and several investiga-
tions indicate that the valence band maxima and the lowest conduction band minima
occur at the I point k = 0 [9-11]. Due to its optical features, ZnO has beneficial properties,
including transparency and RT solid luminescence, which is directly influenced by band
structure energy. Therefore, the photoluminescence (PL) spectra of ZnO assign many
defect-related spectral features and a donor-acceptor pair (DAP) emission. The origin of
its luminescence is a broad defect-related peak known as the green band. It has been
attributed to various impurities and defects, as will become apparent below [12].

The electric currents and magnetic moments of pure ZnO elementary particles
describe it as a diamagnetic material with a weak attraction to the magnet force [13];
however, in daily life, without any instrument to detect this tiny attraction, pure ZnO
is classified as a non-magnetic material. Accordingly, numerous magnetic measure-
ments indicate that pure ZnO is diamagnetic, and the doping process converts this
feature to the opposite [14, 15].

This chapter will demonstrate the modification of properties of ZnO
nanostructures after being doped by an element, and the preparation methods include
physical and chemical methods for both nanoparticles (NPs) and thin films (TFs). In
addition to their benefits and uses in industrial, aerospace, and medical applications.

2. Synthesis methods and characterization
2.1 Synthesis methods

Preparing doped ZnO nanostructures depends on the desired results. Therefore,
multifactor enters to determine the shapes and the properties. To modify the
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properties of the doped ZnO nanostructures, changing the preparation parameters
leads to achieving this required feature. To illustrate, changing one factor while
preparing copper (Cu)-doped ZnO will change the property; if the temperature [16],
doped concentration [17], or pH [18] of the Cu-doped ZnO nanostructure were
varied, the electrical and optical properties were enhanced, and improved.

On the other hand, to synthesize diverse morphologies of doped ZnO
nanostructures, choosing the preparation method at the beginning tends to obtain the
demand structures, so sol-gel [19-22], co-precipitation [23-26], and solvothermal
[27, 28] and hydrothermal methods [29-33] are well-known processes for preparing
doped ZnO NPs. While spin coating [34-37], chemical vapor deposition (CVD) [38-
42], plasma-enhanced chemical vapor deposition (PECVD) [43-47], molecular
organic chemical vapor deposition (MOCVD) [48-51], pulsed laser deposition (PLD)
[52-55], atomic layer deposition (ALD) [56-59], and sputtering [60-63] methods are
processes and techniques for growth and deposit doped ZnO TFs.

The rod particles are typically produced during the formation of Zn (OH), with
the precipitate agents. Additionally, the concentration and rate of the OH™ affected
the morphology. Furthermore, when the OH™ and Zn”* precursors mixed simulta-
neously, the chemical reaction became faster and produced nanosheets. Meanwhile,
adding the precursor of OH ™ slowly into the Zn** precursor tends to generate mor-
phology in a hexagonal prism shape [64]. Moreover, the stabilizers are one of the
parameters that affect the morphologies, such as sodium dodecyl sulfate (SDS) and
polyvinylpyrrolidone (PVP), to form, for instance, sea urchin morphology [65] and
nanorods [66].

Moreover, preparation methods can be classified based on wet chemical and com-
bustion methods [67]. One of the challenges is to control the shapes and dimensions
and determine the required structure during the preparation process, which plays a
significant role in determining the uses of the structures. Therefore, the morphology
and dimensions of the NPs can be controlled viz surfactants such as sodium dodecyl
sulfate or cetyltrimethylammonium bromide [68, 69].

Sol-gel and co-precipitation methods are the most well-known procedures for
preparing doped ZnO NPs. Due to their low cost and equipment, high-quality pro-
duced materials with relatively good purity outcome, and versatility. Moreover, non-
toxic solvents can shape the structure, low preparation temperatures, and resulting
stoichiometry of the resulting material [67].

In the sol-gel, co-precipitation, and hydrothermal methods, a chemical bond
formed between the zinc and OH atoms to form zinc hydroxide. Then, due to heat,
zinc oxide nanostructures are formed [70-72] according to these equations [73]:

Zn** +20H™ — Zn(OH), (1)
Zn(OH), + 20H™ — Zn(OH)% )
Zn(OH)%™ — ZnO + H,0 + 20H™ (3)

Typically, this process depends on agents providing OH™ groups, such as sodium
hydroxide (NaOH) [74, 75] and potassium hydroxide (KOH) [76, 77], to avoid pre-
cipitation of the zinc hydroperoxide (ZnOH™) and facilitate ZnO formation.

The common zinc precursors used are zinc acetate [78], zinc chloride [79], and
zinc nitrate [80], which are easily dissolved in well-known solvents such as water
[81], ethanol [82], and methanol [40]. Sulfide is also one of the precursors used to
form doped ZnO nanostructures [83]. Choosing corresponding dopant elements for
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the dopant precursors is a good choice for forming doped ZnO nanostructures, ace-
tates [84], chlorides [85], and nitrates [86]. Lamia Al-Farsi et al. prepared Al-doped
ZnO nanorods by hydrothermal method using zinc nitrate hexahydrate (Zn
(NO3),-6H,0) and aluminum nitrate (Al (NO3)5-9H,0) [87].

2.2 Structure properties

ZnO nanostructures have hexagonal (wurtzite) structures, with lattice constants
a =3.253 A and c = 5.206 A [88]. Substitution and interstitial doped ZnO
nanostructures by elements altered the nanostructure size, lattice constants, distance
between layers, volume, strain, and dislocation density. Manipulating the doping
amount and controlling the solvent amount during the doping process are ways to
control the size of ZnO nanostructures. Jacek Wojnarowicz et al. [88] successfully
controlled the crystalline size of 10% of Co-doped ZnO NPs precisely by controlling
the water quantity in the precursor, as shown in Figure 1 [88].

Nanostructure size is calculated using the Scherrer equation [89] by dividing the
product of the Scherrer constant (K = 0.89) and the wavelength of the X-ray beam
used (A = 1.54,184 A) by the product of the FWHM (p) of the peak and the Bragg
angle 6 Eq. (4) [90-92].

_ Ka
~ Pcos6

(4)

Moreover, the scientists Williamson and Hall presented a method for clarifying the
size broadening (f) and strain broadening (f,) as a function of diffraction angle
(20), where the method is known as W-H equation. Thus, the observed line width is
calculated by adding g, and p, as f = fp + f,. The W-H equation is represented in
Eq. (5).

K2
Pcos@ = —— + 4ewy sin 0 (5)
Dwy

It corresponds to the uniform deformation model of the W-H method, where the
strain is assumed to be uniform in all crystallographic directions. The plot shows the
crystallite size estimated from the y-intercept, and the slope of the fit gives the strain,
ewn. Furthermore, the third approach that can be used to measure the particle size

——1.5%H,0, 257 nm

——29%H, 0, 2848 nm
3%H, 0, 3018 nm

=——4%H,0, 3219 nm
5%H,0, 41£13 nm

Zny5Cop,0 NPs

Relative abundance (a.u.)

0 10 20 30 40 50 60 70 80
Size of crystallite (nm)

Figure 1.
Zn0.9Co00.10 NPs of crystallite size distributions. Reproduced with permission of Ref. [88].
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and lattice strain from XRD data is the Halder-Wagner (H-W) method presented in
Eq. (6).

2
( P ) .,/ + 167y, (6)

tan@)  Dgw sin Otand

Where the plot is made (§/ tan §)” against f/(sin 0 tan #). The slopes yield the
Halder-Wagner crystallite size (Dyw), and the intercept gives the Halder-Wagner
strain egw. The abovementioned three methods of calculating the particle size from
XRD data are presented in Table 1. Nusrat Jahan Tamanna et al. [93] calculated the
particle size of the ZnO NPs using these three methods: Scherrer equation, Williamson
and Hall (W-H), and Halder-Wagner (H-W) and found that the particle size is
1540.6, 69.675, and 72.463 nm, respectively.

In addition, scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) are methods to produce images and measure the nanostructures’
size, as Khorsand Zak et al. [94] measured the ZnO NPs using these two methods.

For measuring the interplanar space dj;,; and lattice constants a and ¢ of doped ZnO
nanostructures using Eqgs. (7)-(8), where hkl is the Miller indices. Calculating a and ¢
can be done directly from Egs. (9) and (10):

1 B+ hk+ kY 1P
m““(T i 7
2[4 A
Ny L 2 2 a 2
sin6? = [3 (W +hk+1) + (%) z} 8)
a:%sine )]
A
C:sma (10)

In addition, volume (V) can be measured by Eq. (11). Strain (¢), stress (o), and
dislocation density (5) are calculated via Egs. (12)—(14) [95]. Where is the FWHM in
radian, Y’ is Young’s Modulus of Elasticity.

~ 3Bak

\% > (11)
_ Post

€= 4 sinf (12)
c=Ye (13)
6= é (14)

Anion-cation Zn-O bond length (L) and energy density (u), which is defined as

«_

strain energy per unit volume, are measured using Eqs. (15)-(16) [96]. Where “u” is
the internal relaxation parameter for the wurtzite structure and is given by

U= ;‘722 + 0.25. Table 2 summarizes particle size calculation equations and all the
hexagonal structure properties calculating formulas.
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The method name

Formula

Scherrer equation

— KA
" peost

Williamson and Hall (W-H)

_ Ki :
pcos = Dun + 4eyy sin @

Halder-Wagner (H-W)

B\ _ Ki p 2
(tanH) ~ Duw ® Sinftand + 16€HW

Table 1.
Particle size calculation methods from XRD data.

Quantities Symbols Units Formulas

Williamson and Hall (W-H)  Dwgy nm K2 .
0=—""+4 0

method of calculating particle peos Dwn Ewr S

size

Halder-Wagner (H-W) Dpw nm

method of calculating particle
size

B\ K B 2
=— ——+16
< tan H> Dyw sinftan@ +10ekw

Scherrer equation of
calculating particle size

D scherrer nm

Ki
D= PosO

Where K is the Scherrer constant (K = 0.89), A is the
wavelength of the X-ray beam used (A = 1.54,184 A), B
is the FWHM of the peak, and 0 is the Bragg angle.

Interplanar spacing dppl nm

1 W+ hk+ kP
W—““(T ta

Where djy, is the interplanar spacing, hkl is the Miller
indices, also a and c are lattice constants.

Lattice constants of hexagonal a, b, and A
structure c

2[4 a\?
o * 2 2 a 2
sin0* = [3 (h*+hk +k )+(C) I ]

Where 6 is the Bragg diffraction angle; the source of the
X-ray wavelength is 4(Cu) = 1.5406 A; a and c are the
lattice parameters; and h, k, and 0 are Miller indices.

Lattice constants a a A

A
a=——sinf

V3

Where 6 is for the Bragg diffraction angle that would
calculate a for it.

Lattice constants c c A

A
sin @

Where 6 is for the Bragg diffraction angle that would
calculate c for it.

Volume \% A3

V3a%

V=
2

Where a and c are the lattice constants.

Strain € —

p cosO
£ =
4 sinf

Where is the FWHM in radian.

Stress o Pa

o=Ye

Where “Y” is Young’s Modulus of Elasticity and ¢ is the
strain.
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Quantities Symbols Units Formulas
Dislocation density 8 1/ 5— 1
nm? D?

Where D is the particle size.

Bond length L A
L - (

a3 N 1 2 )

—+|s—u)c

3 2
Where a and c are the lattice constants and “u” is
internal relaxation parameter for wurtzite structure

and is given by: u = ;"—12 +0.25

Energy density u J/m3 eY
U=—
2

Where ¢ is strain and Y Young’s Modulus
of Elasticity.

Table 2.
Summarizes particle size calculation equations and all the hexagonal structuve properties calculating
formulas.

a3 1 2
L= <?+ <§ — u) 6‘2> (15)
U=— (16)

The difference between these three methods is that the Scherrer equation does
not consider the strain, which is one of the parameters of broadening the FWHM,
while the W-H does. Thus, in the Scherrer equation, calculating the crystal size
relies only on the FWHM, and a large peak width will give a small crystallite size and
vice versa.

There are some corrections to the Scherrer equation and W-H method. There
are also other methods available to calculate the crystal size, where Marzieh
Rabiei et al. [97] deeply measured hydroxyapatite’s crystal size using all the
methods depending XRD, TEM, and Brunauer-Emmett-Teller (BET), explain the
difference between them and the accurate values which are close to the experiment
results.

Doped ZnO nanostructures by Al decreased the particle size of the ZnO, from
30.21 to 25.48 nm using reduction method [98]; also, Pooja Nag Mishra et al. [99]
investigated the structural properties of Al-doped ZnO (AZO) at constant tempera-
ture and found that with an increase in the amount of doping the crystallite size of
AZO is seen to be decreased compared to the pure ZnO from 35.05 to 18.89 nm. At the
same time, ZnO nanostructure size is increased with the increase in Mg content where
the amount of Mg around x = 2% to x = 10% by 2% increment, and the crystallite size
of Mg-doped ZnO was increased from 32.51 to 42.32 nm [96]. The decrease in the
crystal size of Al-doped ZnO nanostructures is attributed to the substitution of Al*3
ions with Zn®* ions, which have a smaller atomic radius r = 0.54 A° compared to the
Zn*? ion radius r = 0.74 A° [100], while the increasing with doped Mg is due to the
ionic radius of Mg** r = 0.72 A° is very close to that of Zn*” ions and with broader
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bandgap energy (Eg) ~ 7.8eV of the MgO and ZnO gives rise to increase in bandgap
energy [96].

Lithium (Li), sodium (Na), and potassium (K) elements of group 1 have ionic radii
0f 0.76, 1.0, and 1.38 A, respectively, compared to Zn 0.74 A. Li has the smallest radii,
which allows it to be easily interstitial to the ZnO nanostructure. Although the Na and
K have larger radii than the ZnO nanostructure, cations have smaller ionic radii than
the origin element. However, the number of electrons in the outer shell plays a
considerable role. The Na*™ ion has ten electrons in two energy levels, while the K**
ion has 18 electrons in three energy levels, which leads to shrunk radii as the number
of electrons has reduced, and this means the repulsive force between electrons is
reduced, so Na and Li enter the ZnO crystal interstitial. Therefore, doped ZnO
nanostructures by group one elements increase the particle size [101, 102]. On the
other hand, doping ZnO nanostructures by manganese (Mn) and titanium (T1i)
decrease the crystallite size [103-105].

2.3 Electrical properties

As known, doping ZnO by p-type is complex, so doped ZnO by Li is one of the
approaches used to compensate n-type conductivity in the unintentionally doped ZnO
aimed at obtaining a p-type ZnO. Li-doped ZnO has been successfully prepared using
several methods to enhance its electrical features. Rajeev Gandhi et al. [106] reported
Li-doped ZnO NPs and created supercapacitors with 401 F/g prepared by the co-
precipitation method, also studied via the density functional theory (DFT) theoretical
approach. In addition, Shawuti et al. [107] substituted zinc (Zn) atoms by 5 and 10%
mol of Li atoms using the sol-gel process to enhance the electrical conductivity and
measured complex analyzed of impedance at an intermediate temperature range from
100 to 400°C. Furthermore, increased excitation laser power raised carrier lifetime
and PL response intensity.

Yttrium (Y) doping raises the electrical conductivity of ZnO into 19,336 x 107>
(Q-cm) % At the same time, ZnO doped with Mg decreased the electrical conductiv-
ity to 0.1310 ((x107%) (Q-cm) %) as compared with pure ZnO (1375 x 107 (Q-
cm) 1) [108]. Where the resistivity of the ZnO TFs (1.03 x 10~ Q.cm) is decreased
by doping 3% of Na (3.18 x 10 > Q.cm) and K (5.64 x 10> Q.cm) prepared using
spray pyrolysis method, due to the doping defect creation, and acts as scattering
centers. In addition, the carrier concentrations increased from 5.17 x 10" cm > pure
ZnOto1 x 10 cm 3 K-Na doped ZnO TFs [109]. The electrical features of ZnO are
controlled by doping. If the doping is metal elements such as copper (Cu) [110], silver
(Ag) [111], iron (Fe) [112], and Al [113], the resistivity decreases; thus, the conduc-
tivity increases, and the charge carrier mobility increases. Furthermore, silicon (Si)
and phosphor (P) enhanced the conductivity and carrier concentration, as Chaeseon
Hong et al. [114] reported that Si-ZnO growth via ALD showed an increase in the
electrical characteristics, the carrier concentration raised around 8.10 x 10%° cm 3,
and the resistivity reduced to 5.15 x 10~* Q-cm, [115, 116].

2.4 Optical properties

The optical properties of pure ZnO at RT are significantly great and show broad PL
emission peaks in the visible region and near-band-edge emission caused by various
intrinsic defects [117]. Therefore, doped ZnO nanostructures enhanced these features
to another level, thus leading to improvement in the optoelectronic, optical, and
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electronic devices’ performances. The PL of doped ZnO nanostructures contains six
contrasting defects: zinc and oxygen vacancies as void defects, zinc and oxygen as
interstitial defects, and finally, acceptor and doner (dopants) as interstitial faults
[118]. PL peaks of doped ZnO nanostructures are commonly located at 393-420 nm,
which corresponds to band gap excitonic emission, and at 520-550 nm, due to the
defects. The variation in the peak locations of the emission spectra corresponds to the
changes in the defect densities on the surface of the doped ZnO nanostructures, and
these changes originated during the synthesized process with various precursors and
methods [119]. Andres Galdamez-Martinez et al. [120] investigated deeply the effect
of a size reduction over the prominent bands of emission that originated several sub-
peaks, which showed possible numerous, various energy levels, and produced a per-
fect summary of these bands’ emissions. These bands shifted by dopants as Mohsin
Khan et al. [121] investigated the PL of the ZnO TFs when it is doped by transition
metals (Fe, Zr, and Co).

Li has an incredible impact on the optical properties of ZnO. The PL intensity
significantly increased and reached almost 10° a.u. with various contents of Li (15, 31,
54, and 65%) in the ZnO crystals at wavelength started from 340 to 600 nm, as Patrik
etal. [122] reported. The transmission spectra of the AZO films were above 80% in the
visible wavelength, and a clear blue shift of the optical band edge with increasing Al
concentration, as well as it appears in the PL spectra. Additionally, there was a
substantial decrease in the PL intensity with an increase of the Al concentration from
0 to 3.2% in the as-prepared AZO films due to the introduction of the nonradiative
recombination centers with increasing the concentration of the Al,O3 doping layers in
AZO films [123]. Increasing temperatures increase the crystallinity of the doped ZnO
structure and raise the PL intensity [124].

Ultraviolet-visible (UV-vis) spectroscopy measures the absorption, transmission,
reflection, refractive index, absorption coefficient, and bandgap energy are measured
depending on Beer Lambert’s law; also the Tauc plot in Eq. (17) [125] and the Kubelka-
Munk function relation in Eq. (18) [126] are methods to calculate the bandgap energy.
The Tauc method is based on the energy-dependent absorption coefficient o. The
measured reflectance spectra are transformed by the Kubelka-Munk function F(R,)
to the corresponding absorption spectra. Where h is the Planck constant, v is the
photon’s frequency, Eg is the band gap energy, and B is a constant. The n factor
depends on the nature of the electron transition, whether direct or indirect transition
bandgaps are equal to 1/2 or 2, respectively. In addition, bandgap energy depends
on wavelength in Eq. (19), where c is the speed of light, and 4 is the cutoff
wavelength [127].

(ahv)'* = B(hv — Ey) (17)

(F(Re) )" = B(hw — E,) (18)
h

E, = 7“ (19)

Bhubesh Chander Joshi et al. [110] measured the bandgap energy of Cu-doped
ZnO TFs with 3 and 6% doping concentrations using the Tauc plot approach, where
the bandgap energy was 3.09 and 3.07 eV, respectively, as well as Refs. [128-130]
reported. Kamlesh V. Chandekar et al. [131] measured the bandgap energy of Cu-
doped ZnO NPs with 1, 2.5, and 5 wt.% using the Kubelka-Munk function found ~
3.150, 3.100, and 2.995 eV, respectively, as Abebe et al. [132] also reported.
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Bandgap engineering of ZnO nanostructures is investigated widely to control
energy and improve optical features. Mg and cadmium (Cd) are usually used to
tunable the bandgap energy. Mg doping widens the band gap into a short wavelength
(ultraviolet (UV) range) (3.37 eV to > 4.0 eV), causing a blue shift in the absorption
spectra, while Cd doping results in a red shift by narrowing the bandgap energy into a
long wavelength (1.7-3.2 V) [133]. Additionally, nickel (Ni) and silver (Ag) decrease
the bandgap energy of ZnO nanostructures, where the bandgap energy of 1, 3, and
5 mol.% Ni decreased from 3.1 eV of ZnO into 3.05, 2.95, and 3 eV, respectively. Ag
decreased the bandgap energy of ZnO further into 2.8, 2, and 1.8 eV for 1, 3, and 5 mol
%, respectively. Ni enhanced ZnO UV absorption; in the visible region, 3 and 5% mol.
% of Ag also improved it [134]. Increasing the AZO TFs thickness increased the
absorption in the infrared region (800-5000 nm) as well as the extinction coefficient
(k) raised significantly, and the metallic properties appeared beside the semiconduc-
tor features of these films where the bulk carrier concentration of AZO was near to
1.9 x 10%Y/cm? [135]. Moreover, the transmittance of the films of Si-doped ZnO was
above 80%, and the optical band gap increased from 3.29 to 3.47 eV with increasing
the Si thickness [114].

2.5 Magnetic properties

The difference between diamagnetic and paramagnetic materials is that the former
have paired electrons and are repelled by the magnetic field, while the latter have
unpaired electrons and are attracted to it. Meanwhile, the material is called ferromag-
netic when its electrons show high attraction to the magnetic field and become nearly
magnetized [136].

A vibrating sample magnetometer (VSM) (also called M-H curve) is one approach
to measuring magnetic properties; from the VSM, magnetization curve, hysteresis
loop, demagnetization curve, saturation magnetization, and residual magnetization
can be computed [137].

The VSM results revealed that the nature of pure ZnO is diamagnetic, with any
particle size, and even in high fields. This feature completely converts when it is
doping. Doping ZnO by Cu®* ions changes to a ferromagnetic nature at RT due to free
carriers induced by Cu®* doped into ZnO nanoparticles. The reason behind the
appearance of ferromagnetism is due to the oxygen vacancies and exchange interac-
tion of Cu?* with oxygen ions with the spin moment [138, 139]. Additionally, Co-
doped ZnO NPs show superparamagnetic and ferromagnetic behavior co-existence at
RT and 2 K [140]. In addition to the zirconium (Zr) element, doped ZnO by Zr
converts the Zr-ZnO NPs into ferromagnetism at RT, and the results of Raman and X-
ray photoelectron spectroscopy indicate that multiple oxygen vacancies in the Zr-ZnO
NPs [141].

When the material’s magnetization cannot be increased further when a magnetic
field is applied, this state is called magnetic saturation. Hence, the hysteresis loop studies
the relationship between the induced magnetic moment (m) and the applied magnetic
field (H) at RT and can measure these magnetic properties: saturation magnetization
(M), remnant magnetization (M,), and coercive field (H.). The actual unit for the m is
erg per gauss or erg per oersted (Oe), but it is usually expressed as “emu,” which is a unit
for them. Therefore, “emu” indicates electromagnetic units [142].

The co-doping of Mn-Fe ions in the ZnO structure enhanced the magnetic proper-
ties, and the magnetic saturation M values of Mn and the Mn-Fe co-dopant into ZnO
are greater than pure ZnO when the doping concentration of Mn is x = 0.05 and
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maximal x = 0.09 [143]. Ti-doped ZnO NPs show ferromagnetic behavior and have M;
of 6.89emu/g, M, of 7.93emu/g at RT, and a H, of decomposition Ti-doped ZnO NPs
of 1.5000e, and the squareness (remanence ratio: M,/M;) was 0.012 [144].

3. Applications

Numerous applications of doped ZnO are due to the ZnO properties and the
improvement and enhancement of these features that are done by the doping process.
Optoelectronics and transparent electronics are mainly used on doped ZnO because its
bandgap is wide and direct, including favorable band-edge positions in an aqueous
medium to generate oxygenated free radicals, high biocompatibility, high sensitivity
to the light, broad UV and visible (solar) light absorption, large exciton binding
energy (60 meV), high electron mobility, great flexibility in chemical functiona-
lization, high transparency, and low-cost approach for large-scale synthesis with
diverse morphologies [145]. Particularly in the medical field, doped ZnO
nanostructures enter into multiple bio-applications, such as drug delivery and tissue
engineering, as tools to promote the repair of damaged tissues and organs, in vivo
imaging, and in antimicrobial agents. Doped ZnO is also used as therapeutics against
cancer, as these bio-applications are still facing challenges and improving to live up to
expectations and adapt to the constant updates of the present era and the current
endless development and adapt to make life easier [67].

3.1 Drug delivery

Drug delivery systems (DDS) are technologies that help drugs, including pills and
vaccines, be delivered into or throughout the body. These systems also explain how
these drugs can be packaged to protect them from degradation and save them until
they reach the needed part of the body [146]. The doping process enhances the ability
of pure ZnO to deliver drugs. Where the pure ZnO nanostructure has a high drug
loading of about 82%, this percentage increases to 89% when it is doped by graphene
oxide (GO) [147].

Furthermore, doped ZnO quantum dots (QDs) by La enhance the fluorescent
properties, especially with a doping concentration of x = 4%. The tumor cell activity
after loading the drug was 15% at ZnO@DOX (Doxorubicin) and 12% at La-doped
ZnO@DOX. The in vitro and in vivo experiments also revealed that La-doped ZnO
QDs improved the antitumor effect [148]. Another study investigated the effect of
Ag-doped ZnO nanostructures on enhanced drug delivery; the results revealed that
Zng 97Ag0.030 hydrogels had high drug loading by 98.59 £ 2.11%, and the highest
swelling ratio attributed to the Zng 9;Ago.090 (68 £ 3.40%) and, thus, the highest
release (84 =+ 2.18%) within 300 min [149].

Moreover, synthesizing Fe;0,@ZnO core-shell NPs to obtain mouse cancer
immunotherapy by delivering carcinoembryonic antigen (CEA) drugs into dendritic
cells (DCs) successfully achieved significant results. These NPs worked as
nanocarriers to deliver antigens effectively and imaging agents for in vitro detection
[150]. Furthermore, Licui Zhang et al. [151] used Al-doped ZnO NPs as a nanocarrier
for Lenalidomide and around 71% drug loading capacity depending on pH and dura-
tion time, where the release profile showed a gradual release under physiological
conditions (pH 7.4, 28%), whereas the pH 6.2 showed an accelerated release rate at
(78%) in 48h.
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3.2 Photocatalysis

The photocatalysis process is a technique used to control the amount of biodegra-
dation and limit pollution. This technique is primarily aimed at organic decomposition
and degradation of other wastes [152]. The principle of this process depends on the
materials’ molecular photocatalysts when the molecules absorb the light and photo-
generate electrons and holes to produce surface catalytic redox reactions. This mech-
anism is similar to that of semiconductors’ VB and CB, where a molecular
photocatalyst consists of the highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) [153].

Doped ZnO has high efficiency for disinfecting water under visible light irradia-
tion, where the doping reduces the chances of electron and hole pairs’ recombination,
consequently reducing their availability to degradation of water pollutants that are
free-radical-based. Doped ZnO nanostructures by non-metal activate visible-light
absorption and enhance its photocatalytic efficiency. Sulfur (S)-doped ZnO NPs with
various concentrations where x = 0.5, 0.8, 1.1, 1.3, 2.1, 2.5, 3.2, 6.8, 7.8, 11.9, 12.3, and
17.4 wt.% were examined as photocatalysts to the degradation of the Rhodamine (B)
contaminant. The sample with 0.10 g of ZnO doped with 0.5 wt.% of S degraded
100% of B at pH = 5 in 90 min, while 0.8 and 1.1 wt.% of S degraded 99 and 97% of B
in 150 min, respectively [154].

Additionally, doped ZnO can decompose cationic and anionic harmful azo dyes with
high photocatalytic activity as carbon (C)-doped ZnO TFs with 25 nm thickness can
degrade the fluorescein dye in 240 min and B dye in 120 min under UV irradiation [155].
Doped ZnO nanostructures can degrade multiple pollutants totally or partially, such as
methyl blue dye, malachite green, methylene blue, malachite green, methylene blue,
Cibacron brilliant yellow 3G-B, and naphthol green B. Under visible light, La-doped
ZnO degraded the methyl orange dye by 85.86%, as Loan et al. studied [156], Cu-doped
ZnO decomposed direct blue 15 dye by around 70%, as Roya et al. investigated [157],
and Nd-doped ZnO resolve Congo red by 93.7, as Zhang et al. examined [158].

The nature of ZnO nanostructures works as photosensitizers by generating elec-
tron-hole pairs in the presence of solar radiation. However, the high charge carrier
recombination reduced the ZnO-efficient photocatalyst. Thus, doped ZnO NPs by
noble metal Ag enhance the pure ZnO NPs photocatalyst. As a result, 96 and 94% of
Congo red and methyl orange were removed using Ag-ZnO NPs compared to 38 and
35% by undoped ZnO under solar light in 80min at pH 8. This superior performance
of the Ag-doped ZnO NPs occurs via deposited metal ions that engorge electrons and
decrease the recombination rate; thus, most of the electrons are utilized to generate
superoxide radicals in the conduction band rather than recombined with holes [159].

Moreover, several studies investigated the photocatalysis properties such as La
[156, 160-162], Ce [163-166], Pr [167-169], Er [170-173], and Yb [174] doped the
ZnO nanostructures. Nonetheless, Fabrizio Sordello et al. [175] investigated the
impact of doped ZnO by La, Pr, Er, Yb, and Ce; the results revealed that La and Pr
have a limited role, Er enhanced the photocurrent, Yb showed significant accumula-
tion of photoelectron, and Ce elevated the faster electron transfer.

A research group led by Md Elias [176] studied the photocatalytic performance of
pure ZnO nanostructures, N-doped ZnO TFs, and N-doped ZnO/carbon nanotubes
(CNTs). The results revealed excellent photocatalytic performance against cationic
methylene blue (MB) dye degradation, with a 100% removal rate under UV light
irradiation compared to N-doped ZnO (65%) and pure ZnO (47.36%); the
photocatalytic mechanism is shown in Figure 2.
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Figure 2.

The schematic of the photocatalytic mechanism of the N-doped ZnO/CNT TFs under UV light irradiation.
Reproduced with permission of Ref. [176].

3.3 Photovoltaic

Solar cells are significantly fascinating to depend on renewable energy, where the
solar cells convert sunlight energy into electrical energy, which requires a solar device
such as a Si-based solar cell. Some nanomaterials can be active under solar light by
catching and holding the energy into electricity. The photovoltaic cell mechanism
absorbs the light and then obtains energy; the material transfers this energy to elec-
trons. When the electrons move with energy more than the recombination energy,
they flow through the material [177]. Dye-sensitized solar cells (DSSCs) are viable
alternatives to Si-based solar cells due to their easier fabrication. DSSCs have four
main parts: a photoanode, counter electrode, dye, and electrolyte. When light falls on
the cell surface, photons enter the cell, and the holes move toward the HOMO. In
contrast, electrons move toward the dye’s LUMO [178].

ZnO nanostructures are one of the most suitable materials to be the alternative
photoanode for DSSCs due to its possessing excellent electron diffusivity, which is
higher than that of TiO,, having diverse morphologies, a low-cost material, resistance
to photocorrosion, and a high excitation binding energy (60 MeV), and has a surface
that is easier to modify [179]. Nevertheless, pure ZnO nanostructures show low
photovoltaic performance. Because of the narrow spectral range, the electron-hole
recombination rate is rapid, and the nanostructure is unstable against acidic dye. That
is why doped ZnO is vital for enhancing the features by replacing the Zn*? ions and
substituting the ZnO lattice [180].

Au-doped ZnO NPs with fixed concentrations of Sm (1 wt. %) indicate that cells
fabricated with 1.5 wt % of Au-doped ZnO-Sm NPs film achieved a considerable
efficiency of 4.35%, which is about 76% higher than that of 0.0 wt % of Au-doped
ZnO-Sm-based cell (2.47%). This is because of the formation of a blocking layer at the
ZnO-Sm/Au interface, which obstructs the recombination of electrons and is attrib-
uted to the addition of rare-earth ions in ZnO to enhance the non-absorbable wave-
length region of light to convert near-infrared and ultraviolet radiations to visible
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Photovoltaic schematic illustration of Au-doped ZnO-Sm solar cells with various concentrations (0.0, 0.5, 1.0,
and 1.5 wt %). Reproduced with permission of Ref. [181].
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emission and decrease the electron recombination rate; the schematic diagram of Au-
doped ZnO-Sm DSSC solar cells is shown in Figure 3 [181].

The DSSCs fabricated with 1% Tungsten (W) and 1.4% S co-doped ZnO NPs
exhibited the highest current density (J..) above 8.0 mAscm ™2, open-circuit voltage
(Vo) higher than 0.6 V, Fill Factor (FF) higher the half, and efficiency (2.84%) [182],
as well as other reports [183-186].

The pressure applied to the transparent conductive oxide (TCE) layer in Si-based
solar cells, besides various temperatures on Ga-doped zinc oxide (GZO) TFs sub-
strate, was studied to optimize the photovoltaic performance. The lowest resistivity
was 2.0 x 10~% Q.cm when the pressure and temperature were 15 mTorr and 200°C,
in the same condition, and the highest carrier concentration values were
1.6 x 10*° cm >, Hence, the conversion efficiency rose from 9.24 to 12.6%. This leads
to the conclusion that increasing the deposition pressure over 15 mTorr and substrate
temperature above 200°C enhances the crystallite size, widens the optical band gap,
lowers the resistivity, and raises the carrier concentration [187].

3.4 UV absorbers and photodetectors

Doped ZnO nanostructures have an incredible ability to detect and absorb UV
rays. Firstly, UV radiation covers the range from 100 to 400 nm of the electromag-
netic spectrum and can be divided into three parts: near UV (UVA) 315-400 nm,
which is available on the earth; medium UV (UVB) 280-315 nm, where it could be
available. Also, the most dangerous one is deep UV (UVC) 100-280 nm. The objective
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of UV absorbers is to protect materials by converting absorbed ultraviolet rays into
low-impact heat and energy through chemical reactions and, subsequently,

limiting the photodegradation in the materials by suppressing the generation of radi-
cals that cause degradation. Hence, the UV absorber is a material that can absorb UV
radiation, especially UVC. Photodetectors absorb and convert light’s photon energy
into electrical signals (not electricity, like photovoltaic). UV photodetectors are used
in various aspects of life, such as biomedicine, light curing, environmental monitor-
ing, military, and firefighting [188]. Pure ZnO nanostructures absorb only the near
UV range due to their bandgap, whereas the doped ZnO nanostructures can catch
deeper than UVA.

Co-doped ZnO nanostructures by fluorine (F) and Ag confirmed the UVC absorp-
tion realization. The undoped ZnO has an absorption edge at the UVA (376 nm)
region. In comparison, all the co-doped ZnO samples have two absorption edges in
UVA (370-375 nm) and UVC (244-249 nm), as significant evidence for absorption in
this region. The existence of zinc interstitial resulting from Ag, F co-doping causes
absorption in the UVC region. Thus, F, Ag co-doped ZnO nanostructures could be
evaluated for a viable UVC photodetector. The absorption and extinction coefficients
show significant suppression in the visible range [189].

Chongsri and Pecharapa [190] deposited AZO TFs on a fluorine tin oxide-coated
glass substrate (FTO) using the spin coating so-gel method. The results revealed that
the photodetector had a high UV response in the wavelength range of 250-380 nm,
which could be tuned by raising the Al doping concentration. Sabah Ibrahim Abbas
et al. [191] also synthesized AZO TFs using spray pyrolysis with 3 and 5 wt.%. The
3 wt.% AZO sample showed at a bias voltage V = 5 V the highest response current
I, = 47.6 uA and high photoconductive gain G = 10.57 when exposed to UV radiation
A = 365 nm. Mg transition metal also dramatically impacts the photodetectors based
on ZnO. Several reports [192-195] revealed that the Mg-doped ZnO nanostructures
had responsivity for the UV wavelength 365 nm around 0.118 A/W and reached 1.088
with 5% of Mg doping concentration.

Moreover, GZO nanorods are grown on a flexible substrate (poly (ethylene 2, 6-
naphthalate)) at 80°C. Adding the Ga dopant improves the dark current and photo-
current, where the photocurrent-to-dark current ratios of pure ZnO and GZO are
about 8.5 and 570.2 under a 1 V bias, respectively. Besides, GZO nanorods showed
stable and reproducible transient response measurements; after multiple bending
cycles, the results showed no change in the current-voltage characteristics [196]. The
iron dopant also enhances ZnO nanostructures’ photosensitivity. Fe-doped ZnO
(FZO) TFs were grown on Corning glass substrates via radio frequency (RF) magne-
tron sputtering after 100 nm of pure ZnO films was grown as a seed layer to help the
FZO TFs grow vertically. The FZO TFs exhibited a massive enhancement in the
photosensitivity and rise/decay time, where the sensitivity of pure ZnO TFs at UV
wavelength 380 nm was 43.1 and 471.1 for FZO TFs at 3 V bias. Figure 4 shows
the FZO NR PDs structure and the Schottky barrier formed between it and Ag
electrodes [197].

The photodetectors based on doped ZnO nanostructures are also enhanced by
other elements, such as chlorine [198], to improve the surface photo-charge and
obtain dramatic photon detection speed achieved to a few ms, W element [199]
with 2% doping content gives a higher responsivity of 3.84 A/W and photosensitivity
value of 34 at UV wavelength of 365 nm, and 5% of Cd doping increased the ZnO
nanostructures sensitivity into 762.40 and the rise/decay times were 2.5 and 4 s,
respectively [200].
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Figure 4.

(a) The illustration shows the schematic diagram FZO nanorods photodetectors (PDs) when exposed to UV light.
(b) A Schottky barrier is established at the junction of the FZO nanovods and Ag electrodes, generating electron-
hole pairs upon UV light exposure. Reproduced with permission of Ref. [197].

3.5 Sensors

Detecting harmful gases and the sensitive determination of these toxic gases are
necessary. ZnO material is the typical metal oxide semiconductor (MOS) gas sensor
used widely for various reasons: fast response, low detection limit, high selectivity,
reliable performance, handy preparation, and low manufacturing cost [201]. ZnO
belongs to surface-sensitive materials. Thus, when a gas-sensing element is prepared
using ZnO, the gas-sensing mechanism can be summarized as adsorption-oxidation-
desorption. One of the main factors in the sensing mechanism is the surface area,
which differs from one structure to another and then changes the response strength of
a gas-sensitive material. Thus, increasing the surface area leads to an increase in the
amount of adsorbed gas, thereby improving sensitivity. Therefore, doped ZnO
nanostructures are divided into four categories depending on their spatial dimension:
0D, 1D, 2D, and 3D nanomaterials.

The ability of doped ZnO nanostructures to determine and sense various gases is
massive, such as nitrogen dioxide (NO,)/1 ppm, carbon monoxide (CO)/80 ppm,
methane (CH,4)/1%, ammonia (NH3)/50 ppm, ethylene/29 ppm, ethanol/100 ppm,
hydrogen sulfide (H,S)/100 ppm, and triethylamine (TEA)/100 ppm [202]. Further-
more, pure ZnO nanostructures can sense and absorb multiple gases; once they are
doped by other elements, the efficiency increases and improves the sensing perfor-
mance [203]. Wei-Zhong Li et al. [204] studied gas sensors based on gallium (Ga)-
doped ZnO epilayers grown by MOCVD. Findings that the Ga-doped ZnO epilayer has
high performance for nitric oxide (NO) sensitivity when the flow rate of the
Trimethylgallium (Known as TEGa) Ga(C,Hs)3) is lower compared to a higher flow
rate. The sensitivity of Ga-doped ZnO epilayers for NO is 23.653 under a 2.5 ppm NO
environment. Furthermore, the sensitivities are 5.321, 1.692, 3.320, 1.000, 1.066, and
1.163 for Ga-doped ZnO epilayers device with the atmosphere of NO (500 ppb), NO,
(500 ppb), CO (100 ppm), CO, (1500 ppb), SO, (100 ppm), and NH; (100 ppm),
respectively.

Additionally, when the ZnO doped by 4% La TFs, the results showed incredible
CO, gas response with a flow rate of 200 standard cubic centimeters per minute
(sccm) and exceptional performance of gas response with 114.22% [205-208]. In
addition, Ramola et al. investigated the acetone and ethanol gases sensitivity via
synthesized Ga-doped ZnO TFs with 5% doping content at various annealing temper-
atures: 400, 700, and 900°C using the spin coating sol-gel method. The gas sensitivity
of the sample with 5% Ga-doped ZnO TFs annealed at 700 C was brilliant, showing at
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750 sccm 41 for acetone and ethanol and at 1000 sccm 46 for acetone and 38 for
ethanol [209-212]. Al, Mg [213], and In [214] are also elements doped with ZnO
nanostructures to enhance the gas sensitivity.

3.6 Light emitting diode (LED)

Light-emitting diode (LED) has been widely investigated lately due to its massive
potential in developing solid-state lighting technologies. LED is fabricated based on
diverse materials, and the two most important ones are doped ZnO and gallium
nitride (GaN). Doped ZnO nanostructures have several advantages over GaN, besides
the wide bandgap and the large exciton binding energy (~60 meV), a higher radiation
hardness, simplified processing due to the capability to conventional chemical wet
etching, and the availability of large area substrates with low costs [3, 215, 216].

However, Azizar Rahman et al. [217] studied the p-n homojunction of LED and
prepared GZO for n-type onto p-type Li-doped ZnO (LZO); they found that the GZO
nanorods are 16 times more efficient in electroluminescence (EL) compared to the
equivalent LED made from ZnO nanorods. Furthermore, the optimized p-n
homojunction based on 4% of GZO nanorods and 12 atoms % of LZO exhibits a low
turn-on voltage of 3.2 V and a bright-yellow-orange EL band at 2.0 eV.

Islam Mohammad Shafiqul et al. [218] studied LED fabrication based on
heterojunction ZnO. Using homojunction structure LED based on ZnO is not fully
efficient because the carriers spread to each layer by diffusion, decreasing in the
carrier density and reducing recombination probability. Therefore, to overcome this
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Figure 5.
The LEDs-based on ZnO NPs. (a) The LED structure of p-ZnO/GZO and (b) the LED structure of p-ZnO/n-
ZnMgO/GZO. Reproduced with permission of Ref. [218].
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issue, heterostructure LED based on ZnO nanostructures is one of the suggested
solutions. For n-type ZnO, ZnMgO alloy is used and N-doped ZnO for p-type (p-
ZnO/n-ZnMgO/GZ0O). Where the structure of homojunction UV LED uses n-type
ZnO NPs and GZO NPs for p-type (p-ZnO/GZO), the two structures are illustrated in
Figure 5 [218].

Moreover, using the PLD method, Lichun Zhang and his team [219] fabricated n-
ZnO/p-GaN heterojunction LEDs with zinc sulfide (ZnS) and aluminum nitride (AIN)
as interfacial layers. The EL spectra of the n-ZnO/p-GaN LED display a broad blue-
violet emission at 430 nm at RT, whereas the n-ZnO/ZnS/p-GaN and n-ZnO/AIN/p-
GaN devices emit typical UVA emission peaks at around 381 nm.

Meanwhile, synthesizing LED-based ZnO doped with metals and transition metals
is widely studied. Mg-doped ZnO nanostructures for organic LED (OLED) diodes
showed prominent blue emission at 433, 460, and 490 nm at 6 V [220]. Moreover,
AZ0 increased the luminous efficiency of the LED to 22.8%, which is higher than
10.8% of the LED based on pure ZnO TFs [221]. Besides, doped ZnO nanostructures
are also used to produce high-efficiency transparent conductive layers [222] and
electron transport layers [78].

4, Conclusions

Doped ZnO nanostructures have been studied widely and still need more investi-
gation to cover all the needs in various fields in life. ZnO nanostructures can be doped
by metal, non-metal, transition metal, and rare elements, resulting in diverse struc-
tures. The nanostructure particle size can be measured using one of these three
approaches: Scherrer equation, Williamson and Hall (W-H), and Halder-Wagner (H-
W) methods, depending on XRD data and other structure properties. In addition, the
electrical features of ZnO after doping are massive, leading to an increase in carrier
concentrations, charge carrier mobility, conductivity, and a decrease in resistivity, as
well. Changing the particle size leads to modification of the bandgap energy, which is
investigated by UV-vis and PL results, and the measurements rely on one of these
methods: Kubelka-Munk function, Tauc relation, or energy law depending on wave-
length. Furthermore, one of the incredible impacts of doping is converting ZnO from
diamagnetic material into magnetized material. These improvements and enhance-
ments in doped ZnO nanostructures appear in numerous applications in medicine and
industry, such as drug delivery, photocatalysis, photocatalytic, UV absorbers and
photodetectors, sensors, and LEDs.
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Abstract

In the current scenario, various industries such as pharmaceuticals, biomedical
sectors, cosmetics, photovoltaics, and automotive utilize zinc oxide nanoparticles
(ZnO NPs) widely due to their exceptional potentials and high surface area-to-
volume ratio. However, researchers are still working to improve the potential of
ZnO NPs as antimicrobial, anticancer, antioxidant, antidiabetic, etc. This chapter
highlighted plants and microbial extract-based synthesis methods of ZnO NPs and
comparative understanding established with laser ablation, chemical reduction, mill-
ing, and sputtering. In contrast, the green synthesis of ZnO NPs offers an eco-friendly
and chemical-free approach for biological applications. The green synthesis method
involves a range of extract compositions, including secondary metabolites flavonoids,
enzymes, proteins, and sugars, which reduce and stabilize ZnO NPs, influencing their
structure, shape, size, and morphology. Biologically synthesized ZnO NPs, due to
their cost-effective and eco-friendly nature, are significant for medication distribu-
tion and sensing applications.

Keywords: ZnO NPs, biological synthesis, eco-friendly, biomedical application,
antioxidant

1. Introduction

The field of engineering and science known as nanotechnology, which plays with
materials having dimensions smaller than 100 nanometers (nm), has significantly
expanded possibilities for novel applications in the fields of agricultural industries
and nanobiotechnology [1]. It is considered the application of nanoparticles (NPs),
so it is described as microscopic particles that exhibit specific characteristics and
modes of conveyance. It also has an enormous opportunity for providing research-
ers a chance to build prototype instruments to facilitate NPs incorporation into
plants, which might be utilized to integrate prototype functionalities and comple-
ment existing ones. When NPs interact with plants, a number of morphological and
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physiological changes take place. The efficiency of NPs resolves various aspects such
as their size, surface coverage, reactivity, chemical composition, and, most signifi-
cantly, their efficacy [2]. Conventional fertilizers are being used widely and at high
rates to increase grain production in order to meet the rapidly expanding population’s
demands. Fertilizers are essential for plant growth and multiplication; however, most
fertilizers that are given remain inaccessible to plants for a variety of reasons. These
include leaching, photolysis-induced degradation, hydrolysis, and decomposition.
As aresult, it’s necessary to reduce fertilization-related nutrient losses and increase
crop yields by utilizing emerging approaches and applying nanotechnology and NPs
[3]. The only metal present in all six groups of enzymes oxidoreductases, lyases,
isomerases, transferases, hydrolases, and ligases is zinc (Zn), which is also essential to
numerous essential metabolic activities [4]. In the end, zinc can boost the plant’s pho-
tosynthetic machinery and increase the manufacture of carotenoids and chlorophylls
[5]. ZnO NPs have superior optoelectrical, physical, and antibacterial qualities and
present a significant deal of promise for increasing agricultural output [6]. Several
investigations have reported strong absorption capacities for heavy metals, ZnO, and
its NPs, as well as a variety of organic compounds [7]. When compared to the bulk
material, ZnO NPs’ incredibly large surface area-to-volume ratio increases the effec-
tiveness of UV radiation blocking [8]. Numerous studies have assessed the effects of
ZnO NPs on crop plants. In a variety of vegetable crops, nano-sized ZnO particles
increased germination, pigments, sugar, and protein levels while also increasing the
activity of antioxidant enzymes [9].

ZnO NPs internalize in the endodermal and vascular tissues, where they have
a significant impact on the root epidermis and cortex of Lolium perenne [10]. ZnO
NPs exhibit antibacterial action against a variety of pathogenic microorganisms,
including Campylobacter jejuni, Pseudomonas aeruginosa, and Escherichia coli [11].
Increased yield has a direct correlation with the decline of some harmful microor-
ganisms and the potential dietary value of the NPs themselves, primarily for the
vital micronutrients required for host defense [12]. Numerous chemical techniques,
including precipitation, vapor transport, and the hydrothermal process, can be used
to create ZnO NPs (Figure 1). The use of various plant extracts or microorganisms
in the biological synthesis of ZnO NPs is currently a developing field of study. When
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Synthesis Sol gel
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Figure 1.
Various methods for the synthesis of metal oxide nanoparticles.

38



Recent Trends of Zinc Oxide Nanoparticles for Emerging Biomedical Application
DOI: http://dx.doi.org/10.5772/intechopen.1007653

compared to conventional chemical and physical approaches, the biological approach
to NP synthesis provides an advantage [13]. ZnO NPs is an inorganic substance with a
wide range of uses that is strategic, functional, promising, and diverse. Since Zn and
O are confined to groups two and six of the periodic table, respectively, it is known as
an II-VI semiconductor [14]. Unique optical, chemical sensing, electric conductivity,
semiconducting, and piezoelectric characteristics are possessed by ZnO [15]. Its natu-
ral n-type electrical conductivity, a high excitonic binding energy of 60 meV at ambi-
ent temperature, and a relatively wide band gap of 3.3 eV in the near-UV spectrum
are its distinguishing features. These properties make ZnO a fascinating material with
a wide range of applications. ZnO’s large band gap significantly influences its char-
acteristics, including optical absorption and electrical conductivity. However, ZnO

is doped with additional metals, the excitonic emission can persist longer at normal
temperature, and the conductivity rises [16-21]. ZnO exhibits a weak covalent nature,
although the Zn-O ionic bond is extremely strong. Inorganic and organic materials
come before it in terms of heat resistance, selectivity, and longevity [22]. ZnO NPs
production has prompted studies into its potential application as a prophylactic agent.
ZnO NPs have strong photochemical and catalytic activities in addition to their dis-
tinct antibacterial and antifungal characteristics. ZnO NPs are used as a UV sentinel
in cosmetics because of their strong optical absorption in the UVA (315-400 nm)

and UVB (280-315 nm) wavelengths, which is advantageous for inhibiting bacterial
growth [23]. The biological production of ZnO NPs and their biological applications
are the main topics of this book chapter.

2. Biological synthesis of ZnO NPs

Nowadays, biological synthesis has become more popular due to its simple
approach, cost effectiveness, and environmental friendliness. This method can be uti-
lized without the involvement of any perilous and hazardous chemicals. Nowadays,
either plant extract or microbe extract is utilized to synthesize the ZnO NPs.

2.1 Using the extract of the various parts of plants

Plant parts such as leaves, roots, rhizomes, bark, fruits, and flowers are utilized
to synthesize ZnO NPs (Table 1). For their biosynthesis, a simple procedure is
applied (Figure 2). Researchers collect these plant parts from different sources,
wash them thoroughly with tap and distilled water to remove debris, and then either
dry them, grind them into powder, or use them directly for extraction. They chop or
grind the plant parts into small pieces or powder and boil them in different solvents
(water, ethanol, etc.) at below 60°C to obtain the extract. To synthesize ZnO NPs,
they use different concentrations of Zn salts as a metal precursor and extract at
various pH levels and temperatures without needing external chemical stabilizers.
Simply mixing the extract with a salt solution works because the biochemicals act as
reducing and stabilizing agents for the ZnO NPs synthesis. Literature [21] describes
a detailed protocol for synthesizing ZnO NPs using Jacaranda mimosifolia flower
extract. The production of ZnO nanoparticles can be tracked through direct visual
inspection or by utilizing a UV-visible spectrophotometer. After synthesis, the ZnO
NPs solution is centrifuged at high rpm to separate the NPs, then washed thoroughly
with solvents. Figure 2 portrays the biological synthesis of ZnO NPs using different
parts of various plants.
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S. No. Plants Partofthe  Size/shape of Application Reference
plants NPs
1 Calendula officinalis Petal 2722 nm Antioxidant [22]
extract Spherical
2 Calendula officinalis Leaf extract ~ 28.23nm Antioxidant and [23]
Hexagonal antimicrobial
3 Citrus aurantifolia Fruit peel 35-45nm Good electrical and [24]
Spherical optical property
4 Murraya paniculata Leaf extract  25-35nm Antimicrobial [25]
Spherical
5 Parthenium Leaf extract 10 + 5nm Antimicrobial [26]
hysterophorus Spherical
6 Tectona grandis (L.) Leaf extract 22 +5nm Anti-diabetic, [27]
spherical Anti-inflammatory
7 Citrus sinensis Peel Extract  10-20 nm Antibacterial [28]
spherical
8 WithaniaSomnifera Leaf 70-90 nm Antimicrobial [29]
Extract spherical
9 Euphorbia hirta Leaf extract 20-25nm Microbial [30]
Hexagonal
10 Laurus nobilis Leaf extract 4727 nm Antioxidant and [31]
Hexagonal antimicrobial
11 Cannabis sativa Leaf extract 46 nm Antioxidant [32]
Hexagonal
12 Syzygium Cumini Leaf extract ~ 11.35nm Photocatalysis [33]
Hexagonal
13 Borassus flabellifer fruitextract  39.83 nm Photocatalysis [34]
Hexagonal
14 Tabernaemontana Leaf extract  20-50 nm Photocatalysis and [35]
divaricata Spherical antimicrobial
15 loquat Seed >50 nm Photocatalytic degration [36]
extract Hexagonal
16 Tabernaemontana flower 17.5-23.2 nm Antimicrobial and [371
divaricata extract Hexagonal Antioxidant
17 Catharanthus roseus Leaf extract  36.83nm Antimicrobial [38]
Spherical
18 Caesalpinia crista Seed 20-44 nm Antimicrobial, [39]
extract Irregular antioxidant and
anti- cancerous
19 Tabernaemontana Leaf extract  20-50 nm Photo catalytic and [35]
Spherical antimicrobial
20 Borassus flabellifer Fruit 39.83 nm Photo catalytic removal [34]
extract Hexagonal
21 Coptidis rhizoma Leaf extract  2.9-25.2 nm Antibacterial, [40]
Spherical antioxidant and cytotoxic
Table 1.

Biological synthesis of ZnO NPs using different plant sources.
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Figure 2.
Biological synthesis of MONPs using plant extract.

2.2 Using various microbes

The cultures grow as suspension cultures in sterilized distilled water containing
culture media. After adding different concentrations of a ZnO to the freshly cultured

S.No. Microbes Precursor Size(nm) Shape Reference
1 S. nematodiphila Zinc sulfate 15-30 Roughly spherical ~ [41]
2 L. plantarum Zinc nitrate 191291 Flower-like and [42]
irregular

3 B. cereus Zinc sulfate heptahydrate ~ 21-35 Spherical [43]
4 Lactobacillus spp. Zinc acetate 32 Spherical [44]
5 Streptomyces sp. Zinc acetate dihydrate 16-25 Spherical [45]
6 S. plicatus Zinc sulfate 21.72 Spherical [46]
7 Pseudochrobactrum sp. Zinc acetate 90-110 Granular [47]
8 S. enisocaesilis Zinc sulphate 12-326 Needle shape [48]
9 A. niger Zinc nitrate 30-70 Spherical [49]
10 A. niger Zinc acetate 80-130 Rod and cluster [50]
11 Cordyceps militaris Zinc nitrate hexahydrate ~ 10.15 Flower [51]
12 Fusarium keratoplasticum  Zinc acetate 10-42 Hexagonal [52]
13 A. niger Zinc acetate 8-38 Nano-rod

14 Alternaria tenuissima Zinc sulphate 15.45 Spherical [53]
15 Penicillium corylophilum ~ Zinc acetate dihydrate 9-51 Spherical [54]
16 Periconium sp. Zinc nitrate 16-78 Quasi spherical [55]
17 Agaricus bisporus Zinc acetate dehydrate <40nm Hexagonal [56]
18 Trichoderma hargianuwm,  Zinc nitrate hexahydrate ~ 60-70 Crystal planes [57]

and T reesei
19 Xylaria acuta Zinc nitrate hexahydrate ~ 34-55 Hexagonal [58]
20 Acremonium potronii Zinc acetate hexahydrate ~ 13-15 Spherical [59]
Table 2.

Biological synthesis of ZnO NPs using various microbes.
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microbes, keep it in an incubator for 24 hours until white deposition starts to form at
the bottom of the flasks, indicating the initiation of transformation. The bioreduction
of nanoparticles is monitored using a UV-visible spectrophotometer. The solution is
then transferred into centrifuge tubes and centrifuged at 3000 rpm for 10-20 min-
utes to separate the synthesized nanoparticles. Table 2 shows the various types of
microbes that are utilized for the synthesis of the ZnO NPs. At the initial suspension,
cultures are prepared in a sterile environment to ensure that no contamination affects
the results. The culture media contain specific nutrients necessary for the growth and
proliferation of the microbes. When different concentrations of ZnO are introduced
to the cultures, the microbes start interacting with ZnO, leading to the deposition

of ZnO at the bottom of the flasks. The incubation period of 24 hours allows enough
time for this process to initiate visible changes. The use of a UV-visible spectropho-
tometer to monitor bioreduction assists in identifying the development and growth of
nano-sized particles. UV-visible spectroscopy measures the absorbance or reflectance
of light in the range of 200-800 nm, which provides key information about the size
and concentration of the NPs produced. After monitoring, the solutions containing
ZnO NPs are transferred into centrifuge tubes. The centrifugation process, which
utilizes centrifugal force to separate materials based on their densities, is performed
at 3000 rpm for 10-20 minutes. Table 2 shows a detailed list of the various types of
microbes that have been successfully used for the preparation of ZnO NPs.

3. Reduction of ZnO NPs by bio-reductants

ZnO NPs production involves the use of capping and stabilizing chemicals. It is
possible to stabilize ZnO particles with varying shapes, sizes, and other character-
istics using different capping agents. ZnO NPs are traditionally produced using a
variety of surfactants; however, these are environmentally harmful and difficult to
break down. Green capping agents are therefore desperately needed to synthesize
ZnO NPs. Another option is to employ the biochemicals found in plant extracts.

4. Mechanism of biological synthesis of ZnO NPs

In recent years, researchers have used various microbes and plant extracts to
biologically synthesize metal and metal oxide nanoparticles (NPs). The synthesis of
ZnO NPs by plants relies on phytochemicals like alkaloids, phenols, flavonoids, tannins,
saponins, terpenoids, and carbohydrates, which are crucial for NP formation. Microbe-
mediated synthesis of NPs is categorized into extracellular and intracellular based on
the NPs formation site. During intracellular synthesis, metal ions enter the microbial
cell and form NPs with the cell’s enzymes. Conversely, in extracellular biosynthesis,
metal ions get trapped on the microbial cell surface and are reduced to NPs by surface
enzymes. Karnan and his team created ZnO NPs using Nephelium lappaceum peel
extract, discovering the extract’s phenolic components act as a binding agent to zinc
ions, forming a stable zinc-ellagate complex that decomposes into ZnO NPs at 450°C in
static air. Sharma and colleagues produced ZnO NPs from Carica papaya milk through
complex reaction, NP aggregation, and compound oxidation in the extract [60]. They
found that the extract’s interaction with Zn** ions form various ZnO morphologies [61].
Similarly, using Vitex negundo leaf extract, which contains polyphenolic compounds
isoorientin and luteolin, leads to ZnO NP bioreduction through the formation of a
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zinc-isoorientin complex in an acidic medium [62]. Azizi employed Anchusa italica
flower extract, rich in certain essential oils, for ZnO NPs biosynthesis. He described

the formation mechanism in which biomolecules complex with Zn*', stabilizing the
nanoparticles and inhibiting crystal growth, followed by the thermal decomposition of
Zn(OH),. In summary, recent research has successfully synthesized metal and metal
oxide NPs using microbes and plant extracts, leveraging specific phytochemicals for NP
formation [63]. This synthesis involves intricate biochemical processes, including metal
ion complexation and reduction, enzyme interactions, and thermal decomposition,
leading to the production of ZnO NPs with diverse structures and properties.

5. Application of biologically synthesized ZnO NPs

Biologically synthesized ZnO NPs have substantial biological activities, including
antioxidant, antimicrobial, antibacterial, anti-diabetic, anti-inflammatory and anti-
cancerous potential. Figure 3 shows the application of the biologically synthesized
ZnO NPs in divers’ fields of nano and biotechnologies.

5.1 Antimicrobial activity

It is found that biologically synthesized ZnO NPs come in various shapes and
exhibit remarkable antibacterial activity against a broad spectrum of microorgan-
isms [64]. Previous studies demonstrate that the antibacterial efficacy of ZnO NPs
improves as the powder concentration increases and diminishes as the particle size
decreases [65]. This enhanced antibacterial property of ZnO NPs can be attributed
to their enormous surface area-to-volume ratio, which allows more ligands to bind
to their surface [66, 67]. The antibacterial action of ZnO NPs is primarily mediated
through the generation of oxidative stress. This process occurs due to the interaction
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Figure 3.
Biomedical Application of the biologically synthesized ZnO NPs.
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between the Zn" ion and the thiol group of the bacterial respiratory enzyme. As
aresult of this interaction, oxidative stress is generated within the bacterial cells,
leading to an increase in reactive oxygen species (ROS). These ROS are highly reac-
tive molecules that can cause severe damage to bacterial cells, ultimately resulting in
cell damage and death [68, 69]. This highlights the potential of ZnO NPs as effective
antibacterial agents, especially in contexts where traditional antibiotics may fail due
to resistance issues. By manipulating the concentration and size of nanoparticles,
researchers can optimize their antibacterial properties for various applications in
medicine, agriculture, and environmental protection. ZnO NPs have demonstrated
potent antimicrobial activity, while the U.S. Food and Drug Administration (FDA)
classifies ZnO as GRAS (Generally Recognized as Safe) [70]. Scientific literature
abounds with reports showcasing the antibacterial activity of ZnO NPs against
various model pathogens, including both Gram-positive and Gram-negative bacteria.
Due to its strong photocatalytic properties, ZnO is anticipated to generate significant
levels of reactive oxygen species (ROS) when exposed to light irradiation [71]. The
combination of ZnO NPs with essential oils leads to synergistic interactions that result
in either a significantly enhanced antimicrobial effect or a reduction in the quantity
of active compounds needed to effectively combat a wide range of microorganisms.
This innovative approach not only boosts the overall efficacy but also offers a more
efficient and sustainable alternative in antimicrobial treatments. Such functionalized
NPs can be applied in various fields, including the formulation of topical ointments
for wound care and skin infections, as well as in other antimicrobial technologies,
such as food packaging materials, where they help to extend shelf life by inhibiting
microbial growth [72]. ZnO NPs demonstrate strong antibacterial activity due to the
production of free radicals, particularly on their oxide surface [73]. ZnO NPs pos-
sess several advantages over organic antimicrobial agents, including stability under
pressure, high temperatures, long shelf life, robustness, and other beneficial qualities.
Researchers have utilized the antibacterial characteristics of biologically synthesized
ZnO NPs as a foundational element in designing cosmetics, personal care items, and
functional textiles [74]. ZnO NPs produce ROS that can damage bacterial cell mem-
branes, leading to the death of harmful microorganisms and enhancing the efficacy
of ZnO NPs as antibacterial agents. The stability of inorganic oxides like ZnO allows
them to remain effective even under harsh conditions, which is a significant limitation
for many organic compounds that can degrade or lose potency under similar circum-
stances. In the cosmetic industry, manufacturers incorporate ZnO NPs into products
like sunscreens and moisturizers to not only provide antimicrobial protection but also
to benefit from their UV-blocking properties. Personal care items such as toothpaste
and deodorants also benefit from the inclusion of ZnO NPs due to their long-lasting
and robust antimicrobial effects. Additionally, the textile industry uses ZnO NPs

in the production of fabrics that resist bacterial growth, thereby reducing odor and
increasing the material’s lifespan. The application of ZnO NPs in these fields high-
lights their versatility and the ongoing research aimed at maximizing their beneficial
properties [75]. ZnO NPs synthesized using the flower extract of Trifoliumpratense
exhibit notable antibacterial activity against Staphylococcus aureus (ATCC 4163),
Escherichia coli (ATCC 25922), and Pseudomonas aeruginosa (ATCC 6749) [76].

5.2 Antioxidant activity

Due to the transfer of electron density at oxygen and the dependence of these
properties on the structural makeup of oxygen atoms, ZnO NPs exhibit significant
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antioxidant properties [77]. Scientists have discovered this material in nature,
highlighting its remarkable ability to provide antioxidant protection, which originates
from higher plants. These antioxidant properties have proven to be highly effective in
combating a range of chronic diseases that are closely linked to oxidative stress and
processes. Oxidative stress occurs when there is an imbalance between the production
of free radicals and the body’s ability to counteract their harmful effects through anti-
oxidants. Over time, this imbalance can lead to cellular damage, contributing to the
development of various chronic conditions such as cardiovascular diseases, neurode-
generative disorders, and even cancer. One of the key components of this material is
zinc, a trace element renowned for its multifaceted role in maintaining cellular health.
Although zinc is known for its ability to produce free radicals under certain condi-
tions, it paradoxically functions as a potent antioxidant. This dual capability is one of
zinc’s unique attributes, enabling it to act as a protective agent in preventing oxidative
damage to cell membranes and other vital cellular components. By neutralizing ROS,
zinc helps to minimize the destructive effects of oxidative stress, thereby supporting
overall cell integrity and function. Beyond its direct antioxidant role, zinc is also inte-
gral to the activity of numerous enzymes involved in regulating oxidative processes.
As either a cofactor or a structural component of these enzymes, zinc plays a critical
role in enzymatic functions that manage the body’s response to oxidative stress. These
enzymes are crucial in various cellular pathways, including DNA repair, protein syn-
thesis, and immune function, all of which are vital for maintaining cellular health and
preventing oxidative damage. Zinc’s involvement in these enzymatic processes further
underscores its importance as a protective agent against oxidative stress-related
diseases. Furthermore, long-term exposure to antioxidants like zinc can modulate

the body’s sensitivity to oxidative stress. This means that, over time, the presence of
antioxidants can fine-tune how cells detect and respond to oxidative damage. This
adaptive response may lead to improved resilience against oxidative threats as cells
become more efficient at mitigating the damaging effects of free radicals. However,
this increased sensitivity must be carefully balanced, as an overly sensitive oxidative
stress response could potentially lead to unintended consequences, such as inflamma-
tion or other cellular dysfunctions [78]. In earlier studies, plant extracts from a variety
of medicinal species, including liquorice (Glycyrrhiza lepidota), horsetail (Equisetum
spp.), senega (Polygalasenega), echinacea (Echinacea angustifolia), and bearberry leaves
(Arctostaphylos uva-ursi), were found to exhibit substantial antioxidant activity. These
plants, known for their traditional therapeutic uses, contain bioactive compounds that
help neutralize oxidative stress, further highlighting their potential for applications in
health-promoting formulations. This adds to the growing body of evidence supporting
the antioxidant properties of various botanical sources [79]. The synthesized ZnO NPs
from Polygala tenuifolia root extract exhibited moderate antioxidant activity, demon-
strated by a 45.47% DPPH radical scavenging capacity at a concentration of 1 mg/mL
[80]. In summary, zinc plays a pivotal role in protecting against chronic diseases linked
to oxidative processes by acting as a powerful antioxidant. Its ability to reduce cellular
damage, particularly in cell membranes, and its critical involvement in the function

of enzymes that regulate oxidative stress make it an essential element for maintaining
health. Over time, the presence of antioxidants, including zinc, can enhance the body’s
ability to respond to oxidative stress, offering potential therapeutic benefits in pre-
venting and managing chronic diseases associated with oxidative damage. This natural
material, with its plant-derived antioxidant properties, represents a promising tool in
the fight against oxidative stress-related conditions, further solidifying the importance
of antioxidants in promoting long-term health.
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5.3 Anticancer activity

ZnO NPs exhibit good anticancer action because of their greater toxicity, effec-
tive cell distribution, and superior solubility compared to individual medications.
As ZnO NPs concentration rises, so do the levels of inhibition and cell viability [81].
Because ZnO NPs reduce ROS formation across the cell, they can elicit significant
selective toxicity against cancer cells without damaging normal cells. This disruption
to the mitochondrial membrane leads to the death of cancer tissue [82, 83]. Protons
migrate from the particle surface into the aqueous medium at higher pH values,
leaving behind partly bonded oxygen atoms with negatively charged surfaces. Protons
from the surrounding environment transfer to the particle surface at lower pH levels,
which is why under healthy conditions, NPs have a significant positive surface charge
[84, 85]. Metal and metal oxide NPs derived from plants have gained significant
attention as promising therapeutic agents in the fight against various types of cancers
[86]. These NPs possess unique properties, such as high surface area and reactivity,
which make them effective in targeting and destroying cancer cells. Their biocom-
patibility, derived from the eco-friendly synthesis using plant extracts, also makes
them appealing for cancer treatment applications. However, despite the potential
benefits, a major concern regarding the use of these synthesized cytotoxic NPs is their
safety. While they have shown effectiveness in killing cancer cells, one of the biggest
challenges lies in their non-selective nature. Anticancer agents, including NPs, can
inadvertently affect healthy cells in addition to targeting cancerous ones. This off-
target effect can lead to unintended damage to normal tissues, resulting in side effects
that may compromise the overall health of the patient. The balance between efficacy
and safety is crucial when using plant-derived metal or metal oxide NPs in cancer
therapy. While their ability to induce cancer cell death is promising, further research
is needed to improve their selectivity, minimize toxicity to healthy cells, and fully
understand their long-term effects on the body. Ensuring that these NPs can selec-
tively target cancer cells without harming healthy tissues will be key to their success-
ful development as safe and effective treatments [87]. The anti-proliferative activity
of the ZnO NPs was evaluated against the human skin cancer cell line A431 using the
MTT assay, a widely accepted method for measuring cell viability. This assay revealed
a significant reduction in the number of viable cancer cells, demonstrating that the
compound effectively inhibits the growth and proliferation of A431 cells. This result
suggests that the compound has potential as a therapeutic agent in the treatment of
skin cancer by impeding the uncontrolled division of cancer cells. To further investi-
gate the mechanisms underlying this anti-proliferative effect, additional studies were
conducted, including cell cycle analysis and apoptosis assays. Using flow cytometry,
a powerful technique for analyzing the physical and chemical properties of cells,
researchers observed that the treatment caused a disruption in the normal progres-
sion of the cell cycle. This disruption likely played a role in halting cell division,
thereby contributing to the observed reduction in cell proliferation. By disrupting the
cell cycle, the compound was found to induce apoptosis, a form of programmed cell
death that is critical for eliminating damaged or cancerous cells. The apoptosis assay,
also performed using flow cytometry, revealed clear evidence of increased membrane
permeability in treated cells, which is a common indicator of apoptosis. The loss of
membrane integrity allows for the entry of various dyes and markers that can be used
to identify cells undergoing programmed cell death. Moreover, DNA fragmentation
analysis provided further confirmation of apoptosis induction. DNA fragmentation
is a characteristic feature of apoptosis, where the cell’s DNA is cleaved into smaller
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fragments as part of the process leading to cell death. The analysis showed promi-
nent DNA fragmentation in A431 cells treated with the compound, underscoring

its effectiveness in promoting apoptosis. This is a critical finding, as apoptosis plays
avital role in the elimination of cancer cells, and therapies that induce apoptosis

are highly sought after in cancer treatment. Overall, the combination of these find-
ings—significant anti-proliferative activity, disruption of the cell cycle, increased
membrane permeability, and prominent DNA fragmentation—highlights the poten-
tial of this compound as a promising candidate for further research and development
in skin cancer therapy. By promoting apoptosis and inhibiting cancer cell growth, the
compound could offer new avenues for targeted treatment of skin cancer [86].

5.4 Antidiabetic activity

ZnO NPs exhibit an impressive anti-diabetic impact, especially in terms of
improved glucose tolerance, lower blood sugar, increased serum insulin, decreased
non-esterified fatty acids, and decreased triglycerides [88]. The involvement of zinc
in the biosynthesis of insulin production and storage is well known, given its influ-
ence on the structure of the hormone. Researchers have established that certain zinc
transporters, such as zinc transporter-8, play a significant role in the release of insulin
from pancreatic beta cells. This operates in several ways, including enhancing insulin
signaling through zinc, increasing phosphoinositide 3-kinase activity, and promoting
higher phosphorylation of insulin receptors. Consequently, there is a complex link
between diabetes and zinc [88]. ZnO NPs have been shown to exert a remarkable
effect on managing diabetes. For instance, individuals treated with ZnO NPs demon-
strate not only improved glucose tolerance but also exhibit lower blood sugar levels.
Additionally, these NPs contribute to increased levels of serum insulin while simulta-
neously reducing non-esterified fatty acids and triglycerides. Zinc’s crucial involve-
ment in insulin biosynthesis and storage arises from its impact on the structural
integrity of the hormone. Zinc transporter-8, a specific type of zinc transporter, has
been identified as playing a pivotal role in the insulin release process from pancreatic
beta cells. The mechanism by which zinc influences insulin and glucose metabolism
includes enhancing insulin signaling pathways, increasing the activity of phos-
phoinositide 3-kinase, and promoting higher phosphorylation rates of insulin recep-
tors. The interplay between zinc and diabetes is multifaceted. Zinc directly affects
insulin’s structural formation, which is vital for its storage and release. These findings
underscore the intricate relationship between zinc and diabetes, suggesting that zinc
not only supports hormone synthesis but also influences the cellular mechanisms that
control blood sugar levels [69]. Thus, understanding the role of zinc and ZnO NPs
could be pivotal in developing advanced treatments for diabetes management.

ZnO nanoparticles (NPs) have shown remarkable potential in the treatment of
diabetes, particularly in their ability to improve various markers associated with the
disease [89]. These include enhanced glucose tolerance, reduced blood sugar levels,
increased serum insulin concentrations, and lowered amounts of non-esterified fatty
acids and triglycerides. Such effects suggest that ZnO NPs could play a crucial role in
managing diabetes, a condition characterized by impaired glucose metabolism and
insulin function. One of the primary reasons behind the beneficial impact of ZnO
NPs is the well-established role of zinc in the biosynthesis, storage, and regulation of
insulin. Insulin, a hormone produced by pancreatic beta cells, is essential for main-
taining normal blood sugar levels. Zinc is directly involved in the structural stability
of insulin, ensuring that it retains its functional form. Without sufficient zinc, insulin
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may lose its structural integrity, which could impair its ability to regulate blood sugar
levels effectively [90]. Research has further highlighted that certain zinc transport-
ers, such as zinc transporter-8 (ZnT8), are critically important in the process of
insulin secretion from the pancreatic beta cells. ZnT8 facilitates the movement of
zinc ions into these cells, where they contribute to the proper packaging and release
of insulin. The involvement of ZnT8 in insulin secretion is significant because it
directly influences how well the body can respond to elevated blood sugar levels after
meals. Moreover, the mechanism by which zinc, and in particular ZnO NPs, exert its
anti-diabetic effects extends beyond simple insulin production. Zinc enhances insulin
signaling within the body, which is a crucial pathway for glucose metabolism. For
example, zinc has been found to increase the activity of phosphoinositide 3-kinase
(PI3K), an enzyme involved in the intracellular signaling pathway that mediates
the effects of insulin. This enzyme plays a pivotal role in the uptake of glucose by
cells, enabling them to utilize sugar for energy, thereby lowering blood sugar levels.
Additionally, zinc promotes greater phosphorylation of insulin receptors, a process
that enhances the sensitivity of cells to insulin. Phosphorylation activates these recep-
tors, allowing cells to better respond to the presence of insulin and efficiently manage
blood sugar. This is particularly important in individuals with diabetes, where insulin
resistance is a common issue. By improving the body’s ability to respond to insulin,
ZnO NPs could potentially reverse some of the damaging effects of insulin resistance.
Thus, the relationship between zinc and diabetes is complex and multifaceted,
involving not only the structural role of zinc in insulin formation but also its influence
on the cellular pathways that regulate glucose metabolism. The promising effects of
ZnO NPs on improving insulin function and blood sugar control suggest that they
could be a valuable tool in the development of more effective treatments for diabetes.
Understanding the full scope of zinc’s involvement in these processes may open new
avenues for therapeutic strategies aimed at better management of this chronic disease.
ZnO NPs have demonstrated significant antidiabetic properties, as seen in diabetic
rats treated with these NPs along with insulin. Studies show that these NPs effectively
reduce blood glucose levels, indicating their ability to improve glycemic control.
Additionally, treated rats exhibited higher serum insulin levels, reflecting improved
insulin production or secretion. Furthermore, ZnO enhanced glucokinase activity,
an enzyme that plays a key role in glucose metabolism by promoting glucose utiliza-
tion in the liver. This was accompanied by an increased expression of essential genes
involved in glucose regulation, including insulin, insulin receptor, GLUT-2 (a glucose
transporter), and glucokinase genes. The upregulation of these genes suggests that
the NPs may improve insulin sensitivity and glucose uptake in diabetic conditions.
In conclusion, ZnO NPs act as potent antidiabetic agents, not only by lowering blood
glucose but also by enhancing insulin production, improving glucose metabolism,
and upregulating key genes involved in glucose homeostasis. These findings under-
score their potential as promising therapeutic tools in managing diabetes [91].

6. Conclusions and future prospective

This chapter reveals that, biological and chemical synthesis, biological synthesis
emerges as a more favorable and sustainable approach. Chemical synthesis, while
effective, leads to environmental pollution, which in turn poses significant health
risks to humans, making it a less desirable option. Biological synthesis is found to be
simpler, cost-effective, single pot, safer, and environmentally friendly. This process
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makes use of natural resources such as plants and microbes as reducing and stabiliz-
ing agents, which significantly reduces the environmental footprint. Moreover,

such synthesis is particularly efficient in the production of ZnO NPs for several
applications. Its reliance on biological agents allows for better control over particle
size and stability, which enhances its suitability for various biomedical applications.
In contrast, the chemical synthesis, which may introduce impurities or harmful
by-products, makes it less ideal for sensitive applications, especially in medical or
environmental fields. Biological synthesis, with its use of natural, non-toxic, and
biodegradable components, offers an edge not only in safety but also in the sustain-
ability of the process. Furthermore, this method shows great potential for producing
bioactive compounds that are vital for various industrial, medicinal, and agricultural
applications. Therefore, biological synthesis makes an attractive option for industries
and sustainable technologies. However, despite its many advantages, there is still
aneed for more in-depth research to fully unravel the biochemical and molecular
mechanisms involved in the synthesis of ZnO NPs by different microbes and plant
products. Understanding these mechanisms in greater detail will pave the way for
optimizing biological synthesis processes and expanding their applications in a wide
range of fields.
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Abstract

The organic pollutants in industrial water require an effective and environment
friendly approach to degrade. The major concern of textile industry is the synthetic dyes.
Dyes are carcinogenic persistent organic pollutants and pose a huge threat to the aquatic
life, hence destroying the ecosystem. The transition metal oxides are used as the
photocatalyst to degrade them effectively at low cost. ZnO NPs has outstanding proper-
ties such as cost effectiveness, non-toxicity, structural variations, and capability of com-
plete mineralization of organic pollutant making them ideal candidate for the
photocatalytic degradation. However, the limiting factor of ZnO is the constrained
photocatalytic reduced in visible light. This chapter investigates conventional and modern
synthesis techniques with their consequent effects on the crystal growth, band gap,
surface area, particle size, morphology, and the effect on the photocatalytic activity. This
chapter discusses in detail the impact of doping with different elements, semiconductors,
and supporting materials with the insight of the photocatalytic mechanism. Moreover, the
degradation of azo dyes under visible light is studied. The parameters such as catalyst
dose, radiation source, dye concentration, redox reaction duration, rate of reaction, and
kinetics of photocatalytic activity have been studied in detail. The chapter also gives the
insight into the current challenges and future prospectives of ZnO as a photocatalyst.

Keywords: photocatalysts, water purification, ZnO nanostructures, green synthesis,
co-doping effects

1. Introduction
1.1 Overview of ZnO nanoparticles

The growing need for energy and a clean environment is a challenge for a modern
man in the twentieth century and poses more significant arguments worldwide than
ever. The growing industry at the global level has threatened both humans and
animals. A lot of pollutants are pushed into the atmosphere daily [1]. Through the lens
of this situation, the necessity of pure water and green energy is growing daily.
According to the 2030 Agenda for Sustainable Development, the United Nations
acknowledged the importance of environmental management of water and sanitation
in Sustainable Development Goal 6 and the provision to shift to greener energy in
Sustainable Development Goal 7 [2].
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There are three fundamental approaches for degrading persistent organic pollutants
(POPs) and dyes in water effluents: chemical, biological, and physical. The chemical
approach encompasses ozonation, Fenton’s reagent, and photocatalytic degradation. In
contrast, the biological methodology includes fungal and anaerobic degradation, and the
physical technique uses adsorption, filtration, ion exchange, and coagulation to remove
pollutants [3]. The chemical approach uses advanced oxidation processes (AOPs),
which involve highly reactive chemicals that decompose POPs and stubborn dyes [4].

Many scientists are trying to develop new and improved methods to treat contami-
nated water for significant water recycling. Compared to the rest of the wastewater
treatment, photocatalysis has many upsides, as it is cost-effective and does not involve
any secondary pollutants. Photocatalysis stands out in degrading organic contaminants
due to the easy rector setup, no intermediate pollutants, and minimization of by-
products. The photocatalysts have been well-studied for water treatment and spilling for
the last few decades. Numerous researchers have investigated and developed new
photocatalysts that are highly effective for water splitting to generate green energy,
degrading POPs and organic dyes. The most common, durable, and effective
photocatalyst reported in multiple studies is TiO, [5, 6]. ZnO has shown better perfor-
mance due to the unique properties of high conductivity, non-toxic nature, tailored
bandgap, and cost-effectiveness [4-7], as well as thermal and chemical stability [8-10].

It offers numerous morphologies in different dimensions [11]. 3-D nanostructures
such as snowflakes [12, 13], flowers [14-16], dandelions [17, 18], and coniferous
urchins-like structures [7, 19-21]; 2-D nanostructures such as nanosheets [22, 23] and
nano-pellets [24, 25], 1-D nanostructures such as nanoneedles [26, 27], nanowires [28—
30], and nanorods [31-33]; and 0-D nanostructures such as nanospheres [34, 35] are
reported in various studies [36, 37]. The modification in the nanostructure has
been reported as a better photocatalyst due to improved mechanical strength and
charge mobility. Numerous studies have been carried out on the doping and decora-
tion of ZnO with different metals, metal oxides, and carbon-based nanostructures
[38-42]. This chapter discusses the pros of ZnO over other transition metal
dichalcogenides (TMDs) as a photocatalyst. Modifications in ZnO nanostructures are
studied by doping and decorating metals and non-metals. The heterojunction
nanocomposites of ZnO are developed to enhance the photocatalytic performance in
visible light. The synthesis technique, morphological changes, structural modification,
optical properties, and photocatalytic studies of ZnO are discussed intensively in this
chapter, providing detailed insight into the possible changes in photodegradation
mechanisms.

1.1.1 Background

Photo means light, and catalyst refers to the materials which significantly reduce
the activation energy of the reaction, hence increasing the rate of reaction. The
photocatalyst increases the reaction rate in the presence of an optimized wavelength
of light. In 1911, Alexander Eibner, a German chemist, experimented on Prussian blue
with ZnO under UV light [43]. Later, in 1972, Fukushima and Honda discovered the
photocatalytic effect of the TiO, electrodes under UV light [44]. Numerous research
has been conducted to reduce carbon dioxide, degrade multiple pollutants, and gen-
erate green energy by exploiting the photocatalytic properties of semiconductors
[45-47]. There are two types of photocatalysts: heterogeneous and homogeneous.
The homogeneous photocatalyst is in the same phase as the reactant, whereas the
heterogeneous photocatalyst is in a different phase than the reactant [48].

60



ZnO Nanoparticles as a Catalyst for Water Purification
DOI: http://dx.doi.org/10.5772 /intechopen.1007849

The heterogeneous photocatalysts are well investigated due to the better minimi-
zation capability of the POPs. These are mostly transition metal oxide semiconductors
with an optimal bandgap to absorb the light. This absorption will generate a redox
reaction on the surface of the photocatalyst, which will break the stubborn bonds of
pollutants and degrade them effectively [49].

Transition metal oxides (TMO) show distinct optical and electronic properties
with an effective number of reactive sites on the surface of nanoparticles. It allows
them to absorb light and make explicit numbers of excitons, which initiate the
photocatalytic reaction to degrade the organic pollutants, and under specific condi-
tions, it can split water. Their environment-friendly nature, non-toxicity, high stabil-
ity, cost-effectiveness, and high mechanical strength make them highly suitable for
multiple applications [50]. The electron-hole pair will be generated when the light
falls into the TMO semiconductor. The hydroxyl radicals (OH-) and superoxide ions
(*O-2) are generated as the pollutants are adsorbed on the surface of the
photocatalysts, which results in degradation [51]. ZnO [11, 46, 52], TiO, [8, 53], CeO,
[54], CuO [55], Sn0, [56, 571, WO3 [58], Nb,Os [59-61], and numerous others are
explored in photocatalytic studies. ZnO and TiO; stand out due to their better com-
parability to sunlight absorption. ZnO provides higher quantum efficiency and is a
cheaper source for large-scale photocatalytic water treatments.

Man has always been fascinated by colors regardless of their origin. Dyes are the
major component of colors in leather, textile, cosmetics, paint, food, paper, and
plastic industries but are not limited to these industries [62, 63]. The chromophore,
auxochromes, and the length of the conjugating bond between them in organic dyes
are primary components of the appearance of color. The length of the conjugating
bond is increased with the increase in electron realization of auxochromes with an
increase in electron withdrawal of chromophore, resulting in the variation of the color
in different dyes [64, 65]. There are numerous chemical structures of dyes and multi-
ple sources (natural or synthetic) and various compatibility levels with the fiber. Azo
dyes are the foremost component of industrial dyes. Azo dyes are categorized as
anionic and cationic dyes. Table 1 describes the properties of Azo dyes used in textile
industry They have chromophores with at least one nitrogen atom attached to an
aromatic ring [66].

Anionic dyes have the sulfonic or carboxylic acid groups, which react with the
positively charged ions in the aqueous medium. They are effective in acidic mediums
due to the access presence of negative ions (O- anionic group). These dyes are effec-
tive in acidic mediums, which is why they are also called acidic dyes. Anionic dyes
have electron affinity with positively charged proteins in natural fibers [67]. Methyl
orange (I, II), methyl red (MR), congo red (CR), and indigo carmine (IC) are
included in this category [68].

Cationic dyes have N+ ions that interact with negatively charged ions in an aqueous
medium. They react to the negative components in the surfaces. Unlike anionic dyes,
these dyes are effective in basic mediums. This class includes rhodamine-B (Rh-B),
methylene blue (MB), basic red-18, basic red-46, crystal violet, and malachite green
(MG) [64, 69]. Out of thousands of azo dyes, 130 are reported as carcinogenic. Some
can cause increased heart rate, cyanosis, tissue necrosis, vomiting, skin irritation, and
allergic dermatitis in humans. These dyes are very stable in an environment, making
them challenging to degrade without generating intermediate pollutants. These inter-
mediates are even more stubborn to decomposition and require advanced oxidation
processes (AOPs) for further degradation, which includes the highly reactive
chemicals for the breakdown. Photocatalysts are an effective solution to these issues as
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they degrade these dyes at low cost with maximum minimization of the organic
pollutants. Table 1 represent the properties of Azo dyes used in textile industry.

1.1.2 Significance as a catalyst

TMO semiconductor ZnO is extensively used in photocatalytic reactions due to its
ability to generate an exciton pair upon exposure to light [70]. It has a band gap of
3.37 eV. ZnO conduction band (CB) is at —0.5 V vs. NHE, which is more negative than
the redox potential of O,/O,  -0.33 V vs. NHE. Consequently, the O, ready level is
reduced to O, . Moreover, the valance band is more positive +2.7 V vs. NHE than the
redox potential of OH/H,0 (+2.53 V vs. NHE). The difference is responsible for the
generation of hydroxyl radicals, as the holes in the valence band can oxidize the water
molecule [71]. Besides the redox potential, ZnO has higher visible transmission, high
charge mobility, high chemical and thermal stability, and a lesser environmental
signature [72]. ZnO is an effective candidate for excessive use in water treatments and
green energy generation [73]. The higher density of crystal defects on the interfaces
and the surface of ZnO nanoparticles surges the photocatalytic redox reaction [74].
ZnO crystallite size, hexagonal wurtzite crystal structure, huge surface area, the
porosity of the nanoparticles, phase purity, and dopant type are major components for
the effective photocatalytic decomposition of the organic pollutants.

2. Synthesis of ZnO nanoparticles

The variation in particle size, phase difference, grain boundaries, crystallinity, lattice
defects, and morphology of ZnO nanoparticles is reported to affect the band gap, charge
separation, exciton recombination rates, and interface reactive sites [11, 75, 76]. Hence,
the synthesis approach highly influences the photocatalytic properties.

Commonly, synthesis techniques are divided into two general approaches. The
top-down physically breaks down the bulk material into small nanoparticles through
mechanical milling, sputtering, laser ablation, etching, and lithography. At the same
time, the bottom-up technique uses self-assembly, nucleation, and growth mecha-
nisms in the presence of ions and bonds chemically, which include solution-based
approaches such as sol-gel, co-precipitation, hydrothermal, combustion,
microemulsion, chemical reduction, microwave-assisted, and green synthesis.

Morphological changes occur in ZnO nanoparticles due to synthesis techniques and
parameter optimization variations. ZnO is reported to create numerous morphologies,
including nanoflowers, nanorods, nanowires, nanoribbons, nano tetra-pods, nanospheres,
and nanobelts [11, 77]. The effects of different synthesis methods on the photocatalytic
activity of ZnO nanoparticles and their composites are difficult to describe in the
following section. Figure 1 illustrates the summary of the synthesis techniques.

2.1 Conventional techniques for the synthesis of ZnO NPs
2.1.1 Precipitation synthesis

The co-precipitation method is affordable, easy to handle, and energy efficient and
offers a high purity of nanoparticles. Due to the low temperature and pressure condi-
tions, the large-scale synthesis of TMO nanoparticles is possible, with better control

63



Zinc Oxide Nanoparticles — Fundamentals and Applications

= Environment
« Cost effective friendly due to
and easier to Microwaves the use of
handle. natural
reproducibility, reagents
Co-precipitation low + Efficient = High
i method,  no crystallinity.
+ Controlled operational ¥ g
- thermal effect, - Future
crystallinity, . Cost 4 temperature. ime ow -
_ gain  size o8 an « High purity, » investigations.
! energy . operational
topography, o ! uniformity  in
efficient, low : femperature
- Cost efficient surfzce operational iz and 1, High  purity _
ost eflicient, chemistry, p morphology. high . Id‘
low - High  purity temperature, \g er . lﬂe
operational easy and with minimum
and defined : Jenit
temperature, F— quick. Sol-gel solvent.
most  easy photegy. + Controlled size
method. and
« Products with _ moiphology
fine  parlicle using
size and high surfactants.
surface area.
Figure 1.

Summary of the conventional and green synthesis techniques.

over the size and morphology with a sight change in the surfactants and
dopants [78-81].

Lad et al. used zinc acetate dihydrate and zinc nitrate hexahydrate as precursors
for synthesizing ZnO NPs [82]. Both the salts show well-arranged hexagonal struc-
tures in XRD peaks. The bandgap is reported as 2.6 and 2.915 eV for acetate and nitrate
salts, respectively. At the same time, the quasi-spherical structure by acetate and
ellipsoid by nitrate precursor lattice structure is observed in HD-TEM. MB was
degraded under solar radiation up to 96.38 and 94.58% in 2 hours with acetate and
nitrate salts, respectively. The higher photocatalytic response with acetate precursors
is because of the lower band gap and higher oxygen defects in the ZnO nanostructures
with an increased number of reactive sites on the surface.

Krobthong et al. compared the co-precipitation and combustion routes for the ZnO
NPs structural and photocatalytic properties [83]. Both synthesis techniques give XRD
peaks of hexagonal crystal structure with different crystallite sizes. The co-
precipitation produces 45.5 nm crystallite sized nanoparticles, whereas the combus-
tion synthesis gives 10.4 nm. The bigger crystallite size is due to the longer nucleation
reaction in the precipitation method. Despite the size of the co-precipitation tech-
nique, it reduced the band gap by 3.18 eV compared to the combustion route which
was 3.3 eV. The precipitation technique offers 90% photodegradation of MB, whereas
the combustion gives 40% decay under UV light in an hour. The deviation in the band
gap is attributed to crystal defects, lattice dislocations, oxygen vacancies, and impuri-
ties generated during the synthesis. The increased photocatalytic activity is due to the
reduced band gap.

2.1.2 Sol-gel synthesis

Sol-gel has many benefits, including low cost, ease of handling, high reproducibil-
ity, low reaction temperatures, and better control over the surface morphology of
synthesized ZnO NPs. Nanoparticles’ uniform shape and size can be achieved with
remarkably high purity [84-87].

Saravanan et al. synthesized ZnO NPs using zinc acetate as precursor salt and
NaOH as a reducing agent by sol-gel method. Later, the ZnO NPs were calcinated for
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30 minutes at 450°C [88]. The XRD peaks conformed to the hexagonal wurtzite
crystal structure with the crystallite size of 16 nm. The synthesized ZnO NPs have an
average particle size of 30-35 nm, with a band gap of 3.48 eV and a surface area of
10.5 m*/g. Further testing by TEM reveals the uniform nanospheres. MO and MB were
photo-decayed under UV light for 2 hours, up to 63 and 99%, respectively. The
comparison is built with the thermal decomposition and co-precipitation synthesis
methods, and it learned that the sol-gel prepared nanoparticles are more
photocatalytic due to their high crystallinity and huge surface area.

M. Lal et al. prepared the ZnO NPs by sol-gel assisted with ultrasonic hydrothermal
method at different temperatures (90, 190, and 550°C) [89]. The particle size
increases with temperature whereas, the band gap is not significantly changed. Rh-B is
degraded under UV-C up to 95% in 70 min by the sample prepared at 90°C. The
higher degradation efficiency is due to higher surface area at the respective synthesis
temperature.

2.1.3 Microwave-assisted synthesis

Scientists synthesize new nano-compounds using microwave assistance to
speed up the reaction rate. This simple technique has no thermal effects and
produces a highly pure product. It involves less reaction time and generates high
yields [90-92].

Arellano-Cortaza et al. prepared ZnO NPs exploiting microwaves with various pHs
of 5,7, 8, 10, and 12 [93]. The pH of solutions was achieved by using a 4-molar
solution of NaOH and KOH. The reaction mixtures were exposed to 400 W micro-
waves for 10 minutes; afterward, they were dried at 80°C for 12 hours. The band gap
decreased with the increase in the pH values, whereas the surface area increased.
Despite the reduction in particle size, the photocatalytic activity decreases with
pH compared to the acidic pH samples or near isoelectric point pH. MB and Rh-B were
degraded at 99% and 98% under UV light for 240 minutes by the sample prepared at
pH 5. The high photocatalytic activity is due to the availability of reactive sites on the
surface of ZnO NPs.

Ahammed et al. used ascorbic acid and PVA to encapsulate ZnO NPs synthesized
by microwave-assisted growth [94]. The researcher explored the effects of capping
agents and microwaves on crystal structure and photocatalytic properties. The lattice
size of 22 nm and particle from 70 to 90 nm is observed with hexagonal phase peaks in
XRD. The bandgap of the prepared sample is 3.35 eV. About 98% MB is photo—
decayed within 210 minutes under solar light. The higher efficiency is achieved due to
better charge separation and higher radical production during illumination.

From the above discussion, the direct influence of the synthesis method is evident
in the photocatalytic activity of the nanoparticles. The choice of method, precursor,
pH, temperature, and pressure optimization influence the material design. These
parameters determine the morphology, surface area, bandgap, recombination rate,
reactive site on the surface, and crystallite size of the nanoparticles, which influence
the photocatalyst properties of the material.

2.1.4 Hydrothermal synthesis

In this technique, the inorganic precursors are pressurized and autoclaved to form
nanocompounds. Stainless steel achieves high pressure and temperature. By adjusting
the temperature, pressure, time, and ionic conductions within the steel vessel, the

65



Zinc Oxide Nanoparticles — Fundamentals and Applications

product compounds are highly pure with optimized crystallinity, particle size, and
surface functionalization [95-97].

Ghoderao et al. studied the effects of pH variation on the ZnO NPs at 8, 10, 11, and
12 [98]. The wurtzite hexagonal crystal structure is observed in all synthesized ZnO
nanostructures. No prominent difference is observed in the photocatalytic ability of
ZnO nanostructures, with a significant decrease in the crystallite size from 15 nm to
9.1 nm and an increase in the band gap from 3.21 to 3.3 eV. MB was photo-decayed
under visible light, and 99% degradation was reported with pH 11 in 100 minutes. The
increase in degradation is due to the excess OH radical that captured the holes in the
conduction band.

A recent study by Sansenya et al. prepared ZnO NPs with the hydrothermal
method with variation in molar ratio 1:5, 1:12, and 1:18 of Zn** and OH radicals [96].
XRD patterns confirmed the ZnO wurtzite hexagonal structure with increased lattice
size 39.85 to 48.33 nm, whereas the band gap does not show much variation 3.19, 3.2,
and 3.18 eV, respectively. Photocatalytic degradation of ZnO 1:5 is 100% of RR141,
CR, and OFL in 20, 60, and 180 minutes under solar radiation in repetitive cycles. The
increase in photodegradation is due to the decrease in particle size, an increase in
surface area from 10.32 to 10.68 m?*/g, and high crystal defects, which significantly
decrease the recombination rate.

2.1.5 Combustion synthesis

This is the simplest method to synthesize the metal oxide nanoparticles and
ceramics. There are multiple routes in combustion, such as solution combustion, gas
phase combustion, and auto combustion. All of them offer fine particle size with high
surface area. The benefits of this technique are size homogeneity, simplicity of execu-
tion, cost-effectiveness, and easy component adjustments. This method is based on
the exothermic reaction of metal salts as precursors with oxide in the presence of
suitable reducing agents such as glycine, urea, citric acid, or tartaric acid. The choice
of the reducing agent and the fuelling agent is also crucial to generating adequate
energy for the combustion process [99-102].

Kotkar et al. employed the auto-combustion method to synthesize ZnO NPs for the
photo decay of MB in solar irradiation [103]. The hexagonal crystal is observed in an
XRD pattern with a crystallite size of 41.58 nm. A slight reduction in the bandgap of
3.07 eV is observed compared to bulk ZnO. HR-TEM results expressed the unclear
mass of the hexagonal shape, while the SAED shows plans of (100) and (101). The MB
is photo-catalytically decayed by 98% within 45 minutes under sunlight.

Bhapkar et al. use glycine nitrate as a combustion agent in reaction to prepare ZnO
NPs to decay MB in visible light [104]. The particle size of 18.54 nm is reported with a
band gap of 3.21 eV. The SEM images express the quasi-spherical spheres of 93 nm. A
photocatalytic study was done on MB as a probe dye, which decays up to 97% in
2 hours with 5 mg/L of MB concentration and catalyst dose of 0.1 mg/L. The high
performance of the nanoparticles is due to the oxygen defects and intrinsic defects in
the crystal structure. The properties of recently synthesized ZnO NPs by conventional
techniques are discussed in Table 2.

2.2 Recent advances in synthesis techniques

The synthesis techniques mentioned earlier are physical or chemical routes requir-
ing elevated temperatures and pressure. Some even include high vacuum conditions
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that are time-consuming, and high energy is consumed for maintaining or following
chemical reactions for quicker routes. However, these reactions generate toxic by-
products, which are environmental hazards. Scientists are developing new methods
that are more eco-friendly and have a minimal impact on the environment. Green
synthesis involves plants, animals, bacteria, fungi, and algae for the synthesis of
nanoparticles [34, 105-107]. Green fabrication is also called biosynthesis. It is an
advanced method that gives highly effective photocatalyst ZnO NPs. This technique
adheres unique organic molecules to the surface of the prepared ZnO NPs. For green
synthesis, biochemicals present in a plant’s various parts, such as roots, flowers,
leaves, shoots, and fruits, are used as reducing, stabilizing, and encapsulating agents.
These agents influence the surface area, morphology, and stability of the NPs [106].
The widespread practice is synthesis from dried leaves and flower petals; then wash-
ing and crushing them; separating the plant part by Mili-Q H,0; adding zinc pre-
cursors; and then boiling and filtering the mixture at various temperatures, pH, and
times to get the ZnO NPs [34].

2.2.1 Green synthesis methods

Rosa canina fruit extract is used in a study to synthesize ZnO NPs using Jafarirad’s
microwave-assisted growth and temperature method [35]. The microwaves speed up
the rate of reaction with low cytotoxicity. However, the optimization of size, mor-
phology, and crystal defects is to be studied further for synthesized ZnO NPs.

Chaudhuri et al. used a green synthesis technique for ZnO NPs from calotropis leaf
extract, using zinc acetate as a precursor and NaOH as a reducing agent [108]. The
ZnO NPs are reported with an ideal dispersion of 20 nm of ZnO crystalline size. This
can be used as a growth agent in plants such as Milkwood pine, Karanj, and Neem.

The team of Mirza et al. used Lupinus albus as a precursor for ZnO and Lupinus
pilosus as an encapsulating agent to prepare ZnO NPs [109]. The bioactive chemicals
(phenol, alkanes, alkaloids, and different organic acids) play a significant role in the
redox reaction of the synthesis. These ZnO NPs degraded MB up to 61% under UV
light in 160 mins.

Souza et al. separated the phytochemicals from different plants by GC MS spec-
troscopy. The neem and eucalyptus extracts play an efficient role as reducing and
capping agents and reduce ZnO NPS’s agglomeration [110].

Another study by Supin and Vasundhara confirmed the above results by studying
both plants separately [111]. It is reported that combining both plant extracts can disturb
the photocatalytic efficiency due to the decrease in crystallinity. The ZnO NP synthesis by
neem extract performs better due to the better crystallinity and lower bandgap.

Khalid et al. synthesized Mo-doped ZnO by the green method, photocatalytic
decaying Rh-B to 89.6% in 180 minutes under sunlight [112]. MO-doped ZnO
performed better due to its stability, with a lower charge recombination rate and
lower band gap.

Priyadharshini et al. studied the biosynthesized ZnO NPs from coconut husk
extracts using a novel combustion process for large-scale synthesis. Coconuts have
high polyphenols, cellulose, lignin, and pentosans [113]. The XRD peaks confirm the
presence of a hexagonal crystal structure of 48 nm crystallite size with a reduced
bandgap of 2.93 eV. The FESEM images show bipyramid morphology. MB is
photodegrade up to 99% in 100 minutes.

Vinayagam et al. used Peltophorum pterocarpum pod extract to synthesize the ZnO
NPs [114]. XRD peaks agree with the JCPDS 36-1451, having a crystallite size of
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17.79 nm with a bandgap of 3.43 eV with the morphology of morphology and particle
size of 59 nm. MB is degraded up to 88.39% in solar light within hours. The high
porosity creates a high surface area, which results in the high performance of
photocatalysts [114].

The above studies show that biosynthesis is an eco-friendly synthesis technique for
nanoparticles with low-cost and green by-products, controlled particle size, and
reduced agglomeration in an aqueous medium. The literature shows that ZnO NPs
perform well as photocatalysts under solar light and better than under UV radiation.
However, limited studies express the photocatalytic activity in visible light. To
enhance photocatalytic efficiency, many adjustments are required in nanoparticles’
morphology, bandgap, and surface interfaces. These modifications are discussed in
Table 3.

3. Influence of structural parameters

The modification in ZnO NPs boosts the photocatalytic decay of synthetic dyes in
solar and visible light. The limitation of the transition metal oxide is that the
photoactive decay is limited by a wide bandgap, due to which they are only responsive
in UV light response [115]. Scientists are trying to reduce the bandgap and make the
designed photocatalyst active and visible by doping and co-doping with metal and
non-metals. Moreover, nanocomposites can be fabricated with metal oxides, poly-
mers, membranes, and carbon and its allotropes to optimize the bandgap [116-118].
The charge recombination rate is very crucial for the efficiency of the photocatalyst.
The longer the charge separation, the higher the probability of the electron and holes
interacting with the reactive species, increasing the efficiency of the TMO. ZnO NPs
with effective exciton separation reduce energy losses and increase the quantum yield
[119]. Interfacial charge transfer on the surface of the nanoparticles influences the
absorbance of wavelengths by optimizing the surface properties of the
nanoparticles [120].

Modification in ZnO NPs primarily aims to tune the optimized band gap for
enhanced light absorption. Create the surface defects and decrease the recombination
rate to increase the reactive site and effective ions for redox reaction.

3.1 Effects of doping on photocatalytic efficiency

The doping created an extra band level or localized state below the conduction
band of the dopant is n-type and an extra band level above the valance band if the
dopant is p-type. Doping reduces the bandgap to the visible range and shifts the
absorbance spectrum to a longer wavelength. The ZnO NPs improve the
photocatalytic activity in the visible range after doping due to increased surface area
with reduced lattice size and tailoring in the bandgap. Doping from every group of
periodic table causes meaningful change in the physical properties in ZnO NPs and
their photocatalytic activity [69, 76, 121].

The alkaline metal ions are studied to create the interstitial crystal defects in ZnO
NPs. Moreover, unlike transition metals, these metal ions do not have any localized
d-orbital, which results in effective high photon absorption in the visible range [122].
Shirdel et al. prepared the pristine ZnO NPs and Ba-doped ZnO NPs by sol-gel method
[123]. The effects of calcination temperature along the Ba-doping were studied to
degrade Rh-B dye under visible light. 0.1% doping of Ba with a calcination
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temperature of 400°C decayed the Rh-B dye up to 98.4% within an hour. The high
efficiency is associated with oxygen vacancies, which reduce the electron-hole
recombination rate.

Another study by Pradeep et al. synthesized the Mg-doped ZnO NPs by co-
precipitation technique for photocatalysis of Rh-B [124]. XRD patterns show that
increased Mg doping results in a larger crystallite size. The bandgap was reduced to
3.04 eV due to the strain in the crystal lattice in 7.5% Mg-doped ZnO NPs. The red
shift in bandgap is due to the quantum confinement and high defect in the lattice
crystal structure. Mg-doped ZnO NPs photocatalytic decay of RHB was up to 78%,
whereas the pure ZnO NPs decayed 13% in 2 hours. The increase in the photo response
is due to the excess cations on the surface of the prepared ZnO NPs.

Bashir et al. doped ZnO NPs with the Sr. atom to enhance the photocatalytic effect
[125]. The dopants create lattice defects in the crystal, generating a higher affinity to
the reactive radicals. Selvaraj et al. prepared the doped Sr-doped ZnO NPs with 1%,
3%, and 5% wt. ratios by hydrothermal technique [126]. XRD patterns show the
decrease in crystallite size with the percentage increase of Sr. Likewise, the decrease is
observed in the bandgap from 3.09 to 2.93 eV for 5% doping of Sr. The Sr-doped ZnO
NPs degraded MB and Rh-B dye up to 99 and 90% in 1.5 hours in solar radiation. The
high performance is due to the high concentration of OH™ ion, a primary species that
interacts with the probe dyes. The increased light absorbance of visible light creates
better ion separation and generates excess exciton pairs.

However, the transition metal ions generate an extended separation in the
electron-hole pair, decreasing the recombination rate because of the electron trapped
in the d-shell. The decrease in the recombination rate increases the overall
photocatalytic efficiency of the NPs. The transition metals have a similar atomic
radius to the Zn, which makes them ideal for doping. The rapid charge transfer from
CB to VB due to the partially filled d-shell results in a decrease in the bandgap of ZnO
NPs [127]. Mondal et al. synthesized the Fe, Co, and Ni-doped ZnO NPs by co-
precipitation [128]. The prepared NPs decayed MB in UV and visible light to 94.5% by
Fe-doped ZnO NPs. The Co-doped ZnO NPs decayed by 81% and Ni-doped ZnO NPs
by up to 83%. The degradation of MB is due to the structural defects and reduced
bandgap.

Karthik et al. used a green synthesis technique for Cu-doping ZnO nanocrystals
[129]. Leaf extract of Synadium granite is used with Zn(INO3)3; and Cu (NO3); to
degrade the MB, IC, and Rh-B under UV light up to 91.3, 92.2, and 90.1%, respec-
tively. The bandgap increases with the increase in the doping percentage. The highest
photodegradation is observed with 3% Cu doping for MB and IC, whereas the 5%
doped ZnO NPs degraded the highest Rh-B. The enhanced photocatalytic decay is due
to the lattice strain and decreased recombination rates.

Elamin et al. prepared the 5% Cr-doped ZnO NPs by sol-gel wet method for
photodegradation of CR [130]—the difference in annealing temperature redshifts the
bandgap from 3.16 to 3.09 eV at 500°C. The change in the bandgap is the attribute of
the sublevels created by Cr-doping and crystal defects. The CR decays up to 94% in an
hour under visible light. The same method was used to prepare the pristine ZnO NPs,
decayed CR 64% in similar conditions.

The noble metals are well known to create an effective electron trap due to the
Schottky barriers at the interface of nanoparticles. The difference in the work function
of TMO and noble metals makes them attractive candidates for creating the ideal
modifications and preventing repaid neutralization of the electron-hole pair. The
noble metal ion captures these photogenerated electrons, and light absorbance is
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enhanced due to the surface plasmon resonance (SPR). The reactive sites on the
surface are more responsive to the present radicals and hence show improved
photocatalytic activity [131].

Ahmed et al. prepared the Au-doped ZnO NPs by sol-gel method with hydrogen
tetra chloruretic as AU precursor salts and polyvinylpyrrolidone to control the surface
of the ZnO NPs [132]. The Au-doping reduced the crystallite size to 42 nm from
53 nm, with the redshift in the bandgap to 3.08 eV. ZnO electrons trap in the d-shell of
the Au within the CB and VB, enhancing light absorption in the visible range. MB
degraded up to 82.1% in 180 minutes under UV light.

Ahmad et al. conducted another study to prepare the Au-doped ZnO NPs using the
biosynthesis technique. Carya illusoriness leaf extract is used as a reducing agent
during the synthesis [133]. The prepared Au-doped ZnO NPs degraded Rh-B up to
95% under UV light in 180 minutes. Pathak et al. compared the ZnO NPs doped with
Ag and Au using combustion [134]. The results show better performance with Ag
doping in the photocatalytic degradation of MB.

The Au and Ag doping gives high photocatalytic performance due to the surface
plasmon effect and higher conductivity in both electrical and thermal mediums.
Their enhanced stability and environmental nature make them a suitable candidate
for water treatment. Oxygen deficiency and interstitial defects will increase the
e—/h + separation [135].

Furthermore, the rare earth metals are reported to change the electronic structure
of ZnO nanoparticles. Therefore, they enhance the absorption of visible light hence,
increasing the photo response to generate a pair of excitons which increases the
photocatalytic performance. Rare earth metal ions have “f” shell electrons which
reduce the band gap [136].

Lu et al. synthesized Ta-doped ZnO NPs using the hydrothermal method for the
photocatalytic degradation of MB [137]. The structural variation in crystallite size and
bandgap is observed with the difference in the synthesis temperature. Nanocomposite
synthesized at 150°C performed well compared to the rest synthesized at 110 and 170°
C. The synthesized Ta-doped ZnO has photodegraded 97.8% of probe dye due to the
oxygen defects. The reduced recombination rate is primarily responsible for the
enhanced degradation.

Palanivel et al. used the co-precipitation method to prepare the Gd/La co-doped
ZnO and compared it with the dopants separately Gd-doped ZnO and La-doped ZnO
nanostructure [138]. The Rh-B was degraded to study the photocatalytic activity
under solar light. Samples were doped with 5 moles percent and La 3 moles percent.
The XRD pattern shows the increase in the amorphous phase in the sample due to the
difference in the atomic radii. The band gap is reduced and doped ZnO becomes
responsive at 401 nm with co-doping of ZnO with RE metal ions. The Rh-B
photodegraded is highest up to 91% with Gd/La @ ZnO. The reduction CB potential
value is observed to be increased to —0.74 eV rather than —0.3 eV which reduces the
oxygen to superoxide radical. The VB potential is also increased to 2.42 eV from
1.98 eV from the standard oxidation potential of ZnO NPs which oxidize water to
OH™. Hydroxyl ions and superoxide ions behave as the reactive species in
photocatalytic reactions.

ZnO NPs are doped with many nonmetals to reduce the bandgap and enhance the
photocatalytic response to visible light. The crystal and surface defects are generated
by substituting oxygen atoms in the lattice with carbon, nitrogen, and sulfur dopants
[139]. These atoms are small and intercalate to the crystal structure by oxidation
process which defects expedite the rate of reaction in doped ZnO NPs.
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The intermediate energy level is introduced which drastically reduces the rate of
recombination. The difference in the properties of these nonmetals and their high
electron affinity with oxygen atoms within the lattice enables tailoring of the optical
and structural properties [140].

Carbon is well known for its high mechanical strength, chemical stability, and
electrical properties. The ZnO-doped carbon is reported to significantly reduce the
bandgap, hence increasing the visible light response NPs. Zhang et al. prepared C-
doped ZnO NPs by pyrolysis of MOFs and degraded the Rh-B in visible light [141].
The crystallite size increases with the doping of C while its bandgap decreases. The
doping of C is effective in increasing the charge life and their availability on the
surface for the photodegradation degradation of Rh-B. Moreover, there is effective
cyclic reusability of these photocatalysts.

Photocatalytic activity is majorly depending on the surface aera, crystal defects,
bandgap, and crystallinity of the ZnO NPs. Every dopant atom has a significant effect
on the crystal defects and photo-response by shifting the bandgap. Smaller percentage
of doping is reported to perform better than the higher doping percentages. Due to the
induced stresses, strains, oxygen vacancies and dislocations in the crystal structures
interdiction of a new crystallize phase within the nanocomposite is observed multiple
studies.

3.2 Effect of size and surface area on photocatalytic efficiency

Particle size and surface area are directly associated with catalytic response. The
surface area determines the absorption of pollutant molecules on the photocatalyst.
The highest the surface area and smaller the size of the NPs will give higher absorption
area which enables the effective transmission of the exitron for redox reaction.

Khalid et al. prepared the Cu and Co-doped ZnO NPs by hydrothermal method
[142]. FESEM shows that the Cu-doped ZnO NPs have the smallest particle sizes. MB
is photo-decayed up to 80 and 94% by Co-doped and Cu-doped ZnO NPs in
100 minutes, respectively. The Cu-doped ZnO NPs show a high photocatalytic effect
due to the smaller particle, higher surface area, high crystal defects ratio, and longer
charge separation.

Another study by Ma et al. to synthesize Cu-doped ZnO NPs by co-precipitation
[143]. The crystallite increases with the increase of Cu ions, but the sudden decrease is
observed at 5% doping with the decrease in bandgap value from 3.24 to 3.17 eV. The
3% Cu-doped ZnO NPs photo-decayed the MB up to 95% in 240 minutes.

Using the co-precipitation method, Kareem et al. conducted co-precipitation of
ZnO NPs [144]. The sudden increase observed in the crystallite size is due to the
separate phase of Ag in XRD. The Ag doping reduced the bandgap, resulting in a red
shift in DRS spectra with a slight increase over 0.75% Ag doping. The Ag-doped
nanoparticles are used to degrade the MB. About 1% doped Ag photo decayed dye to
98% within 2 hours under solar light. The higher efficiency is due to the increased
surface area and induced defects.

Bhosale et al. doped the Ag using the co-precipitation method for the degradation
study of MO [145]. In this study, the scientists observed the smaller size of Ag-doped
at 1%, which degraded the MO up to 96.7%. Meanwhile, the pristine ZnO NPs show
70.7% degradation. The trapping experiment exhibits that O," is the reactive species
in the reaction process.

The Sm, Nd, and Dy doped ZnO NPs were prepared by sol-gel method by Dhiman
et al. to degrade the MG under visible light [146]. Citric acid is used as a fuel during
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the sol-gel reaction. The crystallite size is smaller than the pristine ZnO NPs. The Dy-
doped ZnO has the smallest crystallite size and narrowed band gap due to which it
exhibits the highest photocatalytic degradation, 97.1%, of MG in 2 hours. The cyclic
study shows the sustainable retention of the catalytic response. The induced crystal
defects and extended charge separations are the primary factors for the highest
photocatalytic activity.

Rodwihok et al. synthesized the Ce-doped ZnO NPs by hydrothermal method with
3, 5, and 7% doping [147]. Ce reduced the size and band gap of the doped ZnO NPs.
The MO is degraded photocatalytic up to 94.06% with 7% Ce-doped ZnO NPs. The
exponential increase in photocatalytic activity is due to the electron trapping within
the Ce** ions which reduced the charge recombination rate significantly.

Selvaraj et al. prepared the Sm-doped ZnO NPs by co-precipitation method at dif-
ferent doping concentrations (1, 3, and 5%) [148]. The crystallite is increased with the
doping of Sm. The redshift is seen in the band gap of doped samples because of the
induction of intermediate energy level between the CB and VB of the ZnO band
gap. The intermediate level is introduced due to the 4 f of Sm. The MB is degraded by up
to 96% in 90 minutes under sunlight with 5% Sm-doping in ZnO NPs. The Sm ions are
ascribed as the electron traps and limit the charge recombination within the ZnO NPs.

Sukriti et al. synthesized the Sm-doped ZnO with different percentages to degrade
the MB. The highest photo response was observed in 4% Sm-doped in ZnO NPs in
visible light to degrade the MB. The crystallite size was reduced with a reduction in
the band gap is the major attribute of the Sm-doped ZnO NPs. The defects in the
crystal structures and f subshell electron traps significantly reduced the recombina-
tion rate. Sm was reported to be the most effective doping of rare earth metals to
enhance the photocatalytic studies [149].

Mirzaeifard et al. used a hydrothermal method for the synthesis of S-doped ZnO
NPs at different doping percentages using thiourea as a precursor for S [150]. Unlike C
doping, the S doping is reported to increase the crystallite size with increasing the
doping. The highest photocatalytic activity is observed with 0.5 wt.% doping of S in
ZnO NPs to degrade Rh-B under visible light up to 95% in five cycles. The high
specific surface area and large pore volume provide a larger number of reactive sites
for photocatalytic reaction.

The above studies show that the higher surface area plays a significant role in the
efficiency of the photocatalytic reaction as the number of effective reactive sites
increases for the redox reaction of pollutants.

3.3 Effect of crystallinity and morphology on photocatalytic efficiency

The crystallinity of crystal structure and morphology of ZnO NPs has significant
implications on the photocatalytic reactions. The reduction in the crystallinity usually
result in the increase of charge separation which results in the increment in the exitron
life span.

The most effective photocatalytic activity was observed by nitrogen-doped ZnO
Nps. The nitrogen radii and p orbital are almost comparable to O which leads to the
formation of oxygen vacancies and high solubility [151]. Prabakaran et al. reported the
N-doped ZnO NPs synthesized by hydrothermal method, where the hydrazine is used
as a source of N atom [72]. The NPs have the morphology of cabbage with a reduction
in the crystallite size and bandgap of N-doped ZnO NPs. The effective decay of MB is
observed under UV and visible light up to 98 and 96%, respectively. The catalyst is
stabilized for four consecutive cycles.
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Kabir et al. synthesized N-doped ZnO with the combustion method at different
doping percentages, using urea as the source of N [152]. The crystallite and particle
size were reduced with doping. Rod-like morphology is observed in SEM images
which are exploited for the photo-degradation of MB and Rh-B under solar light. The
rate of photocatalytic activity is effectively high with 7% N-doping in ZnO NPs. MB is
decayed up to 98%, and Rh-B is decayed up to 86% under sunlight. The higher
crystallinity of N-doped ZnO NPs with low recombination rate is the prime reason for
the better performance.

In another study, R Mahdavi et al. used the sol-gel method for the synthesis of ZnO
and Al-doped ZnO NPs using the same precursor and reduction agent with aluminum
nitrate salt to dope Al*? ions later calcinated at 200°C for 2 hours [153]. The XRD
shows the well-aligned peaks with the hexagonal structure of ZnO, with no discrete
peak of Al or Al,O5;. Moreover, the decrease in crystal size is seen with Al doping. The
TEM exhibits the change in morphology with the increase in Al doping. The pristine
ZnO NPs have hexagonal polyhedral structures with increased Al doping till 3% of the
nanoparticles appear spherical. Further, the increase creates nanorods. This change in
morphology is due to the quantum changes on the surface caused by adding an extra
positive charge of the Al** ion. The band gap is also reduced to 2.93 with 7% Al doping.
MO is degraded to 65% with 5% Al-doped ZnO nanoparticles in 3 hours, slightly
higher than in the previous study.

A recent work by Peerakiatkhajohn et al. prepared ZnO and Al-doped ZnO NPs
using the same precursor and reducing agent with sol-gel technique at three different
calcination temperatures: 200, 300, and 400°C for the photodegradation of MO [154].
The increase in particle size is observed with the increase in the calcination tempera-
ture from 28 to 71 nm, with a slight decrease in the band gap from 3.34 to 3.28 eV. The
XRD is in good agreement with the hexagonal structure and high crystallinity. The
calcination temperature generates different morphologies. The lowest calcination
temperature gives the highest surface area and effective light absorbance. Hence, the
sample with 200°C calcification temperature gives the highest MO photocatalytic
decay up to 80% in 4 hours under UV light. With Al doping, the ZnO NPs were active
in the visible range due to the reduction in the band gap. The most responsive doping
in visible light was 5% Al in ZnO NPs, which has a band gap of 2.23 eV and degrades
MO by up to 99% in 40 minutes under UV radiation. The decrease in the band gap,
change in the ionic surface of the nanoparticles, and increased light absorbance result
in the effective photo decay of the MO.

The morphological changes are due to the growth of polar surface in ZnO NPs
which is an attribute of the hexagonal crystal structure. The variation in
nanostructures of the ZnO NPs and crystallinity effectively influence the
photocatalytic rate of reaction. The enhanced charge separation within the
nanocomposite and reduced recombination rates result in the increase of
photocatalytic activity.

3.4 Effects of co-doping with metal oxides on photocatalytic efficiency

Combining the two different metal oxides is another approach to designing an
effective photocatalyst responsive to visible light. The metal oxide of two different
band gap composites constructs heterogeneous photocatalysts with relatively low
recombination rates [155]. Two semiconductors of different band gaps in a composite
are exposed to appropriate wavelength. They generate the pair of exciton under wide
bandwidth [156].
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In semiconductors, the charge flows toward the low potential, respectively. In
type-I heterojunction, the first semiconductor has more negative potential CB and
more positive potential VB than the second semiconductor. So, the pair of exciton
transfer to SC-II and a redox reaction occurs. In type-II heterojunction, the CB of SC-I
is more negative than the CB of SC-II; however, the VB is less positive than the SC-II.
The electrons in CB of SC-I transfer to the SC-II, and the holes transport from SC-II to
SC-I. Hence, the exciton pair is effectively separated which results in the better
performance of the photocatalysts. However, the Z-scheme heterogeneous
photocatalyst is like the type-II heterojunction, but the electrons in the CB of the SC-II
are absorbed by the holes in the VB of the SC-I. The smaller potential difference in the
VB of SC-I and CB of the SC-II enables such recombination. However, Z-scheme
photocatalysts are more effective than type-II because of the better charge separation
and high redox capability [157].

Shanmugam et al. synthesized the nanocomposite of ZnO/CuO by hydrothermal
method with different percentages of CuO [158]. XRD patterns show the hexagonal
wurtzite structure of ZnO and the monoclinic structure of CuO. The energy band gap
decreases with the increase in the CuO in the nanocomposite. The synthesized sam-
ples were tested for the degradation of MB as a probe pollutant under UV-visible
irradiation up to 98% within 150 mins. Despite the smaller band gap of ZnO/CuO
(20%), the ZnO/CuO (10%) performs better as a photocatalyst. The high perfor-
mance is an attribute of effective charge transfer, better charge separation, and high
crystallinity of the ZnO/CuO (10%). Moreover, the stability and reusability are
reported for five cycles.

Elshypany et al. prepared a ZnO/Fe;0, composite with different ratios by the co-
precipitation method [159]. The band gap decreases with the increase in the Fe;0,.
The PL results exhibit the induced defects and stress in crystallite. MB is photo-
decayed under visible light in 4 hours by the 8:1 of ZnO/Fe;0, composite. The
photocatalyst remains stable in five cycles.

Wahba et al. developed the ZnO/ZrO, composite with various percentages of ZrO,
by sol-gel method [160]. The crystallite increases as the ZrO, in composite, whereas
the band gap decreases. The best performance is of 50:50 ratio to photo degrade the
MB up to 97% in 150 minutes and IC up to 99% in 300 minutes. The higher perfor-
mance is due to the strong interfacial interaction between the semiconductors.

Munawar et al. designed the ternary composite CuO-MgO-ZnO using co-
precipitation [161]. The rod-like structure was achieved with intrinsic defects in the
crystal structure. Outstanding degradation efficiencies are reported for the decay of MB,
MO, and Rh-B up to 88.5, 93.5, and 75.9%, respectively, in 100 minutes under sunlight.

Zhang et al. designed a nanocomposite of ZnO/SnO, with different mass ratios
(1:1, 1:3, and 1:5) using the hydrothermal-assisted ultrasonic method [162]. The
flower-like nanocomposites were used to photo-decay MG under visible light. The 1:1
ratio has performed well and decayed the dye up to 98% in 150 minutes. The O,
trapping exposes that O, major reactive species in photocatalytic reaction. The type-
IT heterojunction formation enables a decrease in the charge recombination rate which
has extended the possibility of redox reaction.

Sayadi et al. use green chemistry to synthesize ZnO/SnO, composite using Viscum
album L extract as a surface-active agent [163]. The XRD pattern shows significant
changes in the peak position and intensities. Moreover, the pattern agrees with the
formation of heterojunction within the semiconductor. The CR was used as a probe
pollutant for photo decay under visible light. The heterojunction is an effective
photocatalyst due to the prolonged charge separation.
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The introduction of Z-scheme in the heterogeneous photocatalyst is an effective
way to prolong the life span of the charges and provide large number of reactive sites.
The co-doping technique improves the light response and makes the photocatalyst to
work on two wide range of wavelengths which means larger number of exitron
production over the same time of irradiation of light.

3.5 Effects of carbonaceous 2-D material on photocatalytic efficiency

The ZnO NPs were decorated on the 2-D supporting material such as graphene,
GO and rGO, and g-C3N4 nanosheets. The researchers are investigating the effects of
graphene and other carbonaceous materials supporting the TMO NPs due to their
ability to disperse the active sites on the surface of the photocatalyst. Such composites
have large surface area which makes them the responsive to visible light with better
charge separations which is supportive for the effective photocatalytic degradation
[164]. The sp2 in carbonation 2-D nanosheets with honey comb structure is the prime
attraction for researchers [165]. The light response of carbonaceous 2-D materials is
remarkably high in visible range which assist the exciton generation in the
nanocomposite. Moreover, it provides better charge separation which result in the
reduction of the charges recombination rate. The flow of charge is enhanced by the
presence of carbonaceous material due to their reported high conductivity [166].

Zheng et al. supported that the ZnO NPs on the graphene reported the better
mechanical strength and high porous structure to assist the cay to the pollutant [167].
Hummer’s method assists to increase the interplanar distance by oxidizing the pi-bond
between the layers resulting in the production of the GO. The rGO is achieved by
adjusting the pH of solution during the synthesis of GO. This rGO stabilizes by the
post thermal treatment [168].

Oyewo et al. synthesized nanocomposites of 10% Sn doped ZnO NPs anchored on
the GO surface [169]. The reduction in the bandgap is due to the formation of defects
in the ZnO crystal lattice. PL indicates the intrinsic defects and better charge separa-
tion within the complex. The Sn-doped ZnO NPs are reported to be less photocatalytic
active than the Sn-ZnO/GO complex. MO was photo-decayed up to 96% under visible
light in 2 hours. The significant increase is due to the outstanding electronic and
thermal properties of GO with large effective surface area. Moreover, the GO was
contributing to the prolong charge separation.

The g-C3Ny, is investigated as a support material due to its stability and simple
synthesis technique. Moreover, it has high corrosion resistance. Ngullie et al. prepared
Zn0/g-C3N, complex with different wt.% of ZnO hydrothermal method used to
degrade MB [170]. The 75% ZnO/g-C3N, shows higher photocatalytic response and
decayed the MB in 2 hours up to 91% which is higher than the pristine ZnO (26%).
The reduced charge recombination within the complex is a major reason for the better
performance. Furthermore, the scavenging testing express hole as the primary reac-
tive species in photocatalytic reaction. The prepared sample was reported to be
responsive after five cycles.

Bhosale et al. developed ZnO-gC;N,4 composite with different ratio weights 4:1,
3:1, and 2:1 by using co-precipitation [171]. The crystallite size increases from 19.07 to
26.71 nm. The bandgap decreases to 2.95 eV from 3.13 eV with the increase in the
gC;3N, in composite. The decrease in band gap increases the visible light response in
generation of the exciton. The BET shows it has a larger surface area than either of the
pristine in the components in the composite. The increased in the surface area results
in decent availability of reactive sites for photocatalytic reaction for the decay of MO.
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The pristine sample exhibits 70% decay, whereas the nanocomposite degrades the MO
up to 99.51% in 90 minutes under visible light. The scavenger test shows that the O,
>. OH > H" reactive response of the ions.

Girish et al. designed the ZnO-gC3N, Z-scheme heterogeneous photocatalyst by
using the co-precipitation method with different weight ratios (5:1,1:5 and 1:1) [172].
The MB is 71% decayed by gC3N, and pristine ZnO NPs decayed 52% whereas the
composite is reported to decay MB up to 92% under visible light in 120 minutes. The
trapping experiment exhibits that O, is a reactive species in the reaction.

The carbonaceous 2-D nanostructures are more likely to produce the high porosity,
better charge separation, high mechanical strength, and wide range photo response
due to the shift in the bandgap. The above properties result in the enhanced perfor-
mance of the nanocomposites.

4. Mechanisms and pathways as photocatalyst in water purification
The degradation of the ZnO NPs follows the following route.
1. The adsorption of pollutants on the surface of the ZnO NPs.

2.The redox reaction occurs due to the photon absorbance, which desorbs the
intermediates of the pollutants.

3.The pollutants are degraded at the interface of ZnO NPs.

The absorbance of specific energy of photon will generate the exitron pair within
the NPs. Leaving holes in VB and electrons on CB. The charges travel to the surface of
the ZnO NPs and react simultaneously with the organic pollutants with the reactive
species (OH and O, ). The electron reduces at the CB, by interacting with the oxygen
molecules present nearby and generate superoxide anion. Later, the superoxide reacts
with H,0 molecules and gives out hydrogen superoxide radical (HO, ). Hydrogen
superoxide then interact with H,O molecules resulting in the formation of hydrogen
peroxide (H,0,). The H,0, reacts with superoxide ion and give hydroxyl radical
(OH). These ions of hydroxyl are vital oxidizing radicals for the decomposition of
pollutants [173].

ZnO + hv — ZnO (h") + ZnO (e )
(€7)cg +02 — Oy
O; + H,0 — HO;
HO; + H,0 — H,0,
H,0, + 0; — OH

However, the holes oxidize at VB and get trapped by H,0 molecules subsequently
generating hydroxyl radicals (OH) [174]. The equation is represented as follows:

H,0 < (H" + OH") + (h*),, <~ H' + OH

Eventually, these hydroxyl ions oxidize to produce CO, and H,O as products:
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Dye + OH — minimization product (CO;and H,0)

The degradation rate is measured by spectrophotometric measurements. Every
organic dye has it is characteristic absorbance peak. The absorbance peak is observed
by UV-visible spectrophotometer after the time interval of irrigation of light. The rate
to degradation is calculated by evaluating the decrease in the maximum absorbance
peak. Figure 2 represents the schematic diagram of conventional mechanism of
pristine ZnO NPs during photocatalytic reaction.

The photocatalytic reaction mechanism changes with the addition of dopants.
Moreover, the dopant electron vacancy, atomic radii, and induced crystal defects are
the major factors to affect the photodegradation process.

Dopant from alkaline earth metals such as Mg, Sr., or Ba doping in ZnO NPs
respond to the incident photon of respective energy. The pair of electron and hole is
produced like the pure ZnO NPs. Electron are led to the CB and holes move to the VB.
The introduction of interstitial sites within the crystal structure results in the creation
of an energy level within the region of forbidden zone of semiconductor ZnO NPs.
The extra energy level introduces doping which reduces the recombination rate in
photocatalysts hence increase the life span of the exitron pair. Therefore, the proba-
bility of surface reaction increases, resulting in the enhanced photocatalytic response.
The alkaline metals attract the electrons to Sr.*?/Ba**/Mg** ions from the CB of the
ZnO NPs. These electrons get reduced to the available oxygen molecules and produce
the superoxide ions. However, holes get oxidized with water molecules at the VB and
generate the hydroxyl ions. These reactive radicals interact with the dye molecules
and degrade them [175].

ZnO 4+ hv — ZnO (h"); + ZnO (e )¢
() + (SrH/BaH/MgH) — Sr'/Ba’/Mg"
0, + (Sr*/Ba* /Mg") — O; + (Sr*?/Ba*?/Mg™?)

Reduction reaction
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Figure 2.
The schematic of conventional mechanism of pristine ZnO NPs photocatalytic veaction.
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Figure 3.
The schematic of alkali metal-doped ZnO NP reaction mechanism of photocatalytic degradation.

H,0 — (H" +OH") + (h"),; — OH
Dye + (OH/O; ) — minimization product (CO,and H;0)

Figure 3 represents the schematic diagram of alkali metal-doped ZnO NP reaction
mechanism of photocatalytic degradation.

The transition metals (TM) such as Cr, Fe, Cu, Mn, and Co doping significantly
reduce the band gap of doped ZnO NPs, hence becoming photo-responsive in visible
ranges. The doping of TM creates the pronounced changes in the optical and electrical
properties along with the defects in crystal structure [176]. TM-doped ZnO NPs
release the exitron when irradiation under light. The photoelectrons move to CB
leaving the holes in VB. In the pristine ZnO NPs recombination for electron occurs
more frequently. However, the doping of TM increases the charge separation, and the
excited electrons are captured by the acceptor level of the respective dopant atom,
which reduces the TM ions. The recombination rate is reduced by the reduction
process, and the hole in VB reacts to produce the hydroxyl ions. These ions reduce the
dye molecules and degrade them in H,0 and CO, [143].

ZnO +hv — ZnO (h"), 4+ ZnO (e )¢p
(e )c + (Sr*?/Ba*?/Mg"?) — Sr*/Ba’ /Mg"
0, + (Sr*/Ba* /Mg") — O, + (Sr*?/Ba*?/Mg™?)
H,0 — (H" + OH") + (h"), — OH
Dye + (OH/O; ) — minimization product (CO,andH,0)
Figure 4 represents the schematic diagram of transition metal-doped ZnO NP
reaction mechanism of photocatalytic degradation.
The noble metals always stand out due to their localized surface plasmon resonance

(LSPR). Doping of ZnO NPs with noble magnifies the photocatalytic performance. The
charge transfer to the noble metals to the ZnO NPs creates the better charge separation
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Figure 4.
The schematic of transition metal-doped ZnO NP reaction mechanism of photocatalytic degradation.

and absorbs the effective energy. The introduction of Schottky barrier between the CB
and VB enables the electron from the Ag/Au/Pd metals ions to ZnO crystal structure to
achieve the equilibrium within the system and create a fermi energy level (Eg). E¢is a bit
lower than the CB of ZnO which creates an extra band in the forbidden region, and the
Ag/Au/Pd metals capture the photogenerated electron and get charged which is respon-
sible for the delay of the photogenerated electron hole recombination and extending life
span, thus increasing the redox reactions at the surface of NPs. The oxygen molecule
reduces to super oxide ion and water molecules to hydroxyl ion [69, 135, 177]. However,
the noble metal doping rises the cost of the photocatalytic production which limits their
production of the catalyst. Moreover, its excess loss of catalyst during the processing at
large scale adding the cost value of the purification process.

ZnO +hv — ZnO (h"), 4+ ZnO (e ) g
(e7)cg + (Cr'?/Fe™?/Cu*?/Mn*?/Co™?) — Cr' /Fe’ /Cu’/Mn" /Co™
0, + (Cr* /Fe" /Cu* /Mn" /Co") — O;
H,0 < (H* +OH ) + (h"),; — OH
Dye + (OH/O; ) — minimization product (CO,and H,0)

Figure 5 represents the schematic diagram of noble metal-doped ZnO NP reaction
mechanism of photocatalytic degradation and charge transfers.

The ZnO electronic structure can be altered by the doping of rare earth metals
(RE) and make them responsive in the visible light. The charge transfer mechanism
began as the visible light fall on the ZnO NPs and generate the exitron pair. RE metals
have f orbitals and 3" oxidation state which capture the electrons further creating an
extended separation within the charge. The RE** ion reduces to RE** and later reduces
the oxygen molecule to superoxide ion. However, the holes oxidize at the VB and
produce the hydroxyl ion upon interaction with water molecules. The reactive radicals
react with dye molecules resulting in their degradation. The RE metals enhance the
photoresponsivity in the NPs, yet the price factor is extremely high which limits their
use at larger scales due to inadequate recycling of the of nanocatalysts.
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The schematic of rare earth metal (RE)-doped ZnO NP reaction mechanism of photocatalytic degradation.

Dye + (OH/O; ) — minimization product (CO,andH,0)

Figure 6 represents the schematic diagram of rare earth metal (RE)-doped ZnO
NP reaction mechanism of photocatalytic degradation and charge transfers.

The route of photocatalytic reaction in ZnO NPs doped with a non-metallic ele-
ment (C, N, and S) exhibits the absorbance of incident light. The incident light
generates the exitron in the ZnO NPs which get captured by the induced crystal
defects by the dopant atoms such as substitutional and interstitial defects. These
defects act as the energy band and slightly rise in the VB, hence reducing the band gap
and responding to the visible light energies. The excited electron reduces to produce
the superoxide ion and holes in VB oxide to form OH ions. Both reactive species
degrade the probe dye and organic pollutant.

ZnO + hv — ZnO(h"); +ZnO (e )¢
(€ )ep + (RE¥) — (RE)
0, + (RE*") — O,
H,0 < (H" +OH ) + (h"),; — OH
Dye + (OH/O; ) — minimization product (CO,and H,0)

As doping of different elements results in the better charge separation and effec-
tively enhance the photocatalytic activity, over doping creates excess traps for the
charges which limits the generation of reactive species. Hence, the redox reaction gets
limited. The composite of ZnO with other semiconductors creates the Z-scheme to
work effectively to degrade the organic pollutants.

Generalising the mechanism of ZnO-based nanocomposites is not possible due to the
difference in the bandgap of each metal oxide in compression of the ZnO NPs. However,
the synthesis of nanocomposite supports the functionalization in visible and UV ranges
due to the different photo response of the wavelength of every material. Figure 7
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Figure 7.
The schematic of non-metallic element (C, N, and S)-doped ZnO NP reaction mechanism of photocatalytic

degradation.

represents the schematic diagram of non-metallic element (C, N, and S)-doped ZnO NP
reaction mechanism of photocatalytic degradation and charge transfers.

However, the supporting material assists with the charge separation along with the
mechanical strength to the system. Upon the irradiation with light, the exitron pair is
generated within the ZnO/carbonaceous nanocomposite. The charges produced at the
heterojunction migrate to the surface and degrade to the organic pollutant.

In case of the potential of in g-C3N,4 VB is lower than the oxidation standard
potential (1.22 eV) which will limit the oxidation of the holes at the lower level, the
electrons from CB of ZnO would not be able to reduce at the lower energy levels then
the standard reduction levels. (—0.877 eV). The position of energy levels of both
materials makes it a Z-scheme heterogeneous photocatalyst. The electron from the CB
of the ZnO NPs moves to the CB of g-C3N, where they reduce the oxygen molecules to
the super oxide ion. However, the hole transfers from the VB of the g-C3N, to the VB
of the ZnO and oxidize water molecules to OH ions. The reactive species interact with
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Figure 8.
The schematic diagram of nanocomposite of the g-C;N, @ ZnO nanocomposite photocatalytic mechanism.
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the organic pollutants and degrade them effectively. Hence, the difference in the
energy levels and their response to the different wavelengths of light make these
nanocomposites highly effective in visible light. Figure 8 represents the schematic
diagram of nanocomposite of the g-C3N, @ ZnO nanocomposite reaction mechanism
of photocatalytic degradation and charge transfers.

5. Challenges and future perspectives

The following are the current challenges in the design of ZnO-based
photocatalysts.

5.1 Challenges in ZnO catalysis

The synthetic dyes are used as the permanent coloring agent in the textile industry.
Such dyes are mostly toxic and carcinogenic which are extremely fatal for health and
the environment. The untreated dye hinders the natural activities such as photosyn-
thesis and reduces or aborts the underwater vegetation which results in an ecological
imbalance. The treatment for these dyes before entering to the main water bodies
reduces such threat.

Photocatalytic degradation is a time saving and cost-effective technique without
any toxic by-products. ZnO is proven photocatalyst over the last few decades due to
its nontoxicity and large-scale practical synthesis techniques. However, the there are
some challenges with ZnO NPs be used as photocatalytic in large scale treatment
plants.

5.1.1 Stability and reusability

An exceptionally large variety of morphology and nanocomposites is
designed by ZnO NPs by using different synthesis techniques. Yet there is not
accurate mechanism advanced for the morphological changes which makes the use
of the designed very tricky. Every morphological structure responds differently
light and to the probe pollutant as they have different reactive sites and polar
surface. Such difference makes the ZnO more challenging to handle the stability
during the synthesis.

The reusability is particularly an important parameter to upscale the use of any
photocatalyst in the treatment plant. The recycling is a limiting factor as the reduced
amount of nanomaterial will disturb the reaction kinetics. Moreover, the used material
will flow to the mainstream raising another environmental concern.

5.1.2 Efficiency limitations

The limitation over the efficiency of the photocatalyst is also a mitigating factor for
the practical application of them in the large scale. The efficiency gets limited if there
is a small surface area or the pore size is not accessible by the subjected pollutant
molecule. The availability of reactive radicals to the pollutant is very fundamental for
the redox reaction. The larger surface area and effective pore sizes enable
photocatalysts to degrade organic waste effectively.
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5.1.3 Cost-¢ffective scaling

The cost is always a primary factor for the scale up of any scientific advancement.
The above factors are the restricting factors for ZnO NPs and nanocomposites to be
used at the larger scale. The unsupervised overflow of the catalyst and recycling is also
a crucial factor to be addressed to industrialize the setup.

5.2 Future perspective of ZnO catalysis

The current study includes the experimental methods of trial-and-error analysis.
The modern approach of modeling and computational analysis will enable scientists to
save time and energy while precisely designing the photocatalyst using the current
database. It will also give insights into the research to address the issue beforehand in
the upscaling of this technology. The possibility of exploring and developing an
effective photocatalyst is endless.

The toxicity and other environmental concerns of the synthesis techniques can be
limited by using the green chemistry. The further research is needed to improve this
synthesis technique and develop an effective photocatalyst. Moreover, it develops the
photocatalyst that is responsive to the visible range and increase light harvesting
factor.

The difference in the performance of photocatalysts over different organic pollut-
ants despite having the same functional group needs more investigation. The insight
will enable scientists to develop the more sensitive site over the photocatalyst which
will allow the specific degradation of the pollutants. There is huge gap to develop the
insight of photodegradation phenomena and predict the interactions between catalyst
and organic pollutants.

The combination of ZnO NPs with different semiconductors, carbonaceous mate-
rial, 2-D supports, and conductive polymers has been the recent areas to investigate.
The possibility of such systems is endless.

6. Conclusion

The chapter gives the comprehensive view about the recent synthesis technique of
ZnO and its nanocomposites with the improved photocatalytical degradation of textile
dyes. However, this article only gives the overview of the scientific work and the
insight of the shift of synthesis approach in the last few years. The possible mecha-
nisms are discussed to develop better insight for the improvement in the design
systems. The impact of different doping are well studied, and moreover, the support
materials are also included. The changes in the bandgap, morphology, and particle size
have their limitation. The increase in the surface area is viewed in the perspective of
photocatalytic performance. The modern technique of synthesis of ZnO NPs and its
composites by green chemistry is investigated while keeping the environmental sig-
nature in mind. The organic plants, bacterial and other animal sources are used as
precursors during the synthesis which are easily accessible or extracted. Many of them
act as reducing agent in the reaction process. Some may act as capping agents to limit
the agglomeration and helps retaining the small size with a large surface area. The
present bottle neck of the prepared ZnO NPs is discussed in detail with their suggested
solutions. The possible approaches to increase light harvesting for efficient
photocatalysis by doping and designed heterogeneous photocatalyst by the combining
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with other semiconductors or decorating ZnO NPs on carbonaceous materials as
absorbate. The support materials not only enable the composite to respond in visible
light but also the enable the better charge separation, with an increase in charge
between the materials as the Z-scheme, hence enhancing the performance. The oxi-
dation and reduction potential of both materials are chosen with careful study to assist
the generation of the reactive radicals for the redox reaction. The supporting materials
have a large surface area to provide the spread of charges and provide an effective
surface area for the dye molecules to interact with the surface of the photocatalyst and
degrade. Moreover, these supporting materials act as cocatalysts which further
increase the efficiency. The choice of dopant, levels of dopant percentages, and syn-
thesis approach are major parameters for crystal structures, induced defects, tailor
bandgap, surface area, and particle size which influence the photocatalytic efficiency.
The literature review gives us that the comprehension view of morphological and
structural changes in ZnO has significantly increased the efficiency of the
photocatalytic activity under visible light.

Many parameters of photocatalytic reaction determine the rate and effectivity of
the redox reaction other than the material modification of the ZnO photocatalyst. The
structure of organic pollutant, dose of pollutant and the catalyst, pH of the mixture,
temperature, the integrity of the light, the source of the radiation, and the number of
the redox radical produced at the surface significantly affect the degradation of dyes.
The chapter details the azonic dye degradation by ZnO NPs and its nanocomposites as
photocatalyst. Numerous factors that are mentioned above are taken into account
while studying the variation of results and trends. This chapter can be a huge help for
the scientists to understand the challenges and future perspectives of ZnO as
photocatalysts under the lens of recent research advancements.
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Abstract

Zinc oxide (ZnO) is a widely explored semiconductor metal oxide. This material
has interesting properties for several research areas, including energy storage and
harvesting, sensing and electronic applications. Its versatility has led to the develop-
ment of various approaches for synthesizing nanostructures with different morpholo-
gies according to the application. In this chapter, a literature review on vapor phase
and solution phase synthesis approaches for synthesizing one-dimensional (1D) ZnO
nanostructures on different substrates will be provided to establish a comparison
between different processes’ parameters. Since hydrothermal synthesis is the most
widely used approach for growing ZnO on different substrates due to its simplicity
and cost-effectiveness, the principles of this technique will be detailed. As an experi-
mental demonstration of such technique, novel results obtained at CENIMAT on
microwave-assisted hydrothermal synthesis of ZnO nanorods, exploring the influence
of seed layer thickness, ultraviolet/ozone (UVO) treatment to this layer, and synthesis
time and temperature on the nanostructures’ morphology, will be presented. The
nanostructures’ length, diameter and density were measured to establish a correlation
between synthesis conditions and nanostructures’ features. A seed layer thickness of
100 nm, a 5 min UVO treatment, and a synthesis time and temperature of 60 min and
100°C led to the formation of ZnO nanorods with increased length and aspect ratio.

Keywords: zinc oxide, vertically aligned nanostructures, vapor phase synthesis,
solution phase synthesis, hydrothermal synthesis
1. Introduction

Zinc oxide (ZnO) is an inorganic II-VI n-type semiconductor with a wide and
direct band gap (around 3.37 eV) and large exciton binding energy (approximately
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60 meV) [1, 2]. Additionally, this metal oxide presents high electron mobility (205 to
300 cm? V''s™?) and tunable conductivity [3-6].

Zinc oxide nanostructures present good physicochemical and electrochemical
properties [1], chemical and thermal stability [2, 7, 8], and high mechanical strength
[8]. Besides, this metal oxide also presents biocompatibility and non-toxicity [8, 9].

Zinc oxide can crystallize into one of the three structures depicted in Figure 1:
rock salt (cubic), zinc-blend (cubic), or wurtzite (hexagonal) [1, 11]. The rock salt
can only be produced at high temperatures, whereas the zinc-blend is stabilized by
cubic structures [11]. As such, crystallization in the wurtzite structure is the most
thermodynamically favorable [4]. Oxygen atoms tetrahedrally coordinated to four
zinc cations (and vice versa) compose the hexagonal wurtzite crystal structure that
comprises alternating planes of zinc and oxygen atoms stacked along the c-axis [2, 4].
The net positively charged zinc-terminated planes and the negatively charged
oxygen-terminated planes have high energy and act as basal facets of the hexagonal
structure, where a zinc-terminated plane is at the top while an oxygen-terminated
plane is at the bottom [12]. In contrast, the prismatic lateral faces of the metal oxide
crystal are non-polar and present lower energy [2, 4].

A crystal’s preferential growth is determined by the energy of each surface and
the amount of active sites [1]. In ZnO, the polar planes have higher energy than the
unit cell’s lateral surfaces because polar surfaces are more susceptible to electrostatic
interactions [1, 13]. As such, the growth along the direction parallel to the c-axis is
favorable since it decreases the free surface energy [1, 2], which is also favored by the
increase of the non-polar surfaces’ area during growth [1]. It is worth mentioning
that the growth along the c-axis is often promoted by moderate temperatures (at least
80°C), as the growth medium reaches an energy level sufficiently high to allow the
attachment of molecules to the crystal’s surfaces [14].

Interestingly, ZnO presents spontaneous polarization due to the noncentrosym-
metric nature of its wurtzite structure and the presence of zinc and oxygen basal
planes [4, 12]. As there is no center of inversion along the c-axis in a ZnO hexagonal
crystal, which leads to asymmetry, the metal oxide nanostructures present piezo-
electric properties [1, 4, 9]. Besides the piezoelectricity, ZnO’s properties have led
to its use in several applications, including photocatalytic degradation of organic
contaminants present in water [14, 15], surface acoustic wave devices [16], solar cells
[3, 17], photodetectors [5, 7, 8, 12], scintillator applications [2], photoelectrochemi-
cally related applications [18-20], gas sensors [21], field-emission devices [22], energy

a) b) c)

Cubic rock salt Cubic zinc-blend Hexagonal wurtzite

Figure 1.
Different crystal structures of ZnO: (a) rock salt, (b) zinc-blend, and (c) wurtzite. Adapted with permission
[10]. Copyright 2023. Advanced Energy and Sustainability Research published by Wiley-VCH GmbH.
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storage [23], or radiation absorption [24]. The properties of the ZnO nanostructures,
such as the aspect ratio, crystallinity, growth orientation, vertical alignment, density,
and lateral ordering, will influence their performance [12, 25]. As such, precise tuning
of the nanostructures’ properties by determining their synthesis method and control-
ling their synthesis kinetics is decisive in the final performance [12].

2. Approaches for the synthesis of vertically aligned ZnO nanostructures

The variety of fabrication techniques to synthesize ZnO has led to a wide assort-
ment of nanostructures [2]. ZnO nanostructures can be synthesized in different
morphologies, such as nanotubes, nanowires, nanorods (NRs), nanocombs, nanon-
eedles, nanorings, microspheres, nanobelts, nanosheets, tetrapods, and nanohelices,
depending on the synthesis parameters [1, 17, 18].

Among the several ZnO nanostructures, one-dimensional (1D) ZnO materi-
als have been the focus of many research groups due to their physical, mechanical,
and electronic properties [12, 25] and improved optical performance compared
to bulk form [2]. Namely, when compared with films, 1D nanostructures present
lower recombination rates and larger surface-to-volume ratio, desirable features in
several areas such as electronics and sensing [12, 20, 26]. Moreover, ZnO nanowires,
nanorods, and nanotubes’ features also promote electron conduction in the uniaxial
direction [5, 26].

Several approaches have been reported to synthesize aligned ZnO nanostructures,
including synthesis from both solution and vapor phases [4] techniques, such as pulsed
laser deposition (PLD), chemical vapor deposition (CVD), and vapor-liquid-solid
(VLS) [25, 27]. On the other hand, these materials have also been synthesized using
chemical bath deposition (CBD) and electrodeposition [25, 27].

2.1 Vapor phase synthesis of ZnO nanostructures

VLS, PLD, CVD, and microwave-plasma assisted thermal evaporation (MPATE)
have been employed to grow ZnO nanostructures under vacuum and at high tem-
peratures, as summarized in Table 1. These techniques offer versatility in tailoring
the nanostructure’s properties, making them valuable for applications in electronics,
sensors, and optoelectronics [1].

2.1.1 Vapor-liquid-solid method

Vapor-liquid-solid is a widely utilized method where a metal catalyst acts as a seed
for the nanostructures’ growth, guiding the vapor phase precursor to solidify into the
desired morphology on the catalyst surface [38].

One-dimensional nanorods can be fabricated through a process known as the
vapor phase method. This method produces vapor through chemical and gaseous
reactions and evaporation. The targeted vapor undergoes rapid heating before slowly
cooling on the substrate, forming 1D nanomaterials. Although the theory makes the
procedure look straightforward, it must be done at extremely high temperatures of
around 1000°C to evaporate the source materials, such as zinc or ZnO powder. It is
essential to analyze this process’s additional reactions and breakdown [39]. You ez al.
reported the fabrication of vertically aligned ZnO nanowire arrays by the vapor
phase transport approach to be employed as self-driven solar-blind photodetectors
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Synthesis Substrate Growth Ref
technique Seed layer Source Carrier Conditions
material gas
VLS Sapphire None ZnO and Arand 1050°C, [28]
carbon 0, 20 min (2019)
powders
Sapphire 50 nm ZnO and Arand 1050°C, [6]
ZnO (RF graphite 0, 30 min (2019)
sputtering) powders
PLD c-cut ALO; None Au/ZnO 0, 500°C; 45° [29]
(0001) target laser angle; (2020)
420 m] laser
energy; 5 Hz
pulsed laser
frequency
n-doped Si None ZnO 0, 500-600°C; [30]
(111) target laser energy (2018)
wafer; ITO density
coated between 3 and
on glass; 4] cm %10 Hz
ALO; pulsed laser
substrate frequency;
pulse duration
of 20 ns
CVD AIN film 70 nm ZnO ZnO and Arand 750°C [31]
onaSi (ALD) graphite 0, (Sample) (2023)
substrate powders 950°C
(Furnace)
ITO 1mM ZAD None Arand 600°C, 10 min [22]
(spin- 0, (2021)
coating)
Si/SiO, None ZnO and Ar 270°C [32]
wafers graphite (Sample) (2021)
powders 930°C
(Furnace)
100 min
Pt-coated None Bulk zinc Arand 700°C, 1 min [33]
Si wafer wire 0, (2021)
(p-type)
Si/Si0, 450 nm ZnO and Arand 850°C, 30 min [34]
substrates ZnO (PLD) carbon 0, (2019)
powders
Glass 5mM ZAD Zinc Arand 400 to 500°C [35]
(drop- acetone (Sample) (2019)
coating) vapor 850°C
(Furnace)
30 min
p-GaN/ None ZnO and Ar 1150°C, [36]
sapphire graphite 45 min (2020)
powders
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Synthesis Substrate Growth Ref
technique Seed layer Source Carrier Conditions
material gas
MPATE Glass None Zinc Arand RT, 7 min [37]
powder H,0, (2018)

RF: vadio frequency; ITO: indium tin oxide; AIN: aluminum nitride; PLD: pulsed laser deposition; ALD: atomic layer
deposition; ZAD: zinc acetate dihydrate; p-GAN: p-type gallium nitride; RT: voom temperature.

Table 1.
Vapor-based synthesis approaches to produce 1D ZnO nanostructures.

with superior sensitivity. This study used a mixture of ZnO and carbon powders as
precursors that were heated at 1050°C for 20 min. The produced arrays were then
homogeneously coated with 20 nm thick monoclinic gallium oxide (Ga,0;) through
sputtering methods to form vertically aligned ZnO/Ga,0; core/shell nanowire arrays
[28]. Also in 2019, You et al. reported a similar process; however, before the powder
evaporation, a thin 50 nm ZnO seed layer was deposited by radio frequency (RF)
sputtering. Here, the evaporation of ZnO and graphite powders at 1050°C for 30 min
produced nanowires of around 300 nm in diameter. Finally, a zinc tellurium (ZnTe)
layer was grown as a shell on the ZnO nanorod array surface by RF sputtering, creat-
ing a self-powered photodetector that relied on the coupling between the photovoltaic
and pyroelectric effects [6].

2.1.2 Pulsed laser deposition

Pulsed laser deposition of ZnO nanowires uses a femtosecond pulsed laser to
ablate a ZnO target, creating a plume of material that subsequently condenses on
a substrate to form nanowire structures [30]. It is worth noting that this process
requires high temperatures (between 500 and 600°C) [30]. The femtosecond laser
pulses enable precise control over the deposition process, offering advantages, such as
high spatial resolution and minimal damage to the substrate. Zhang et al. reported the
use of this approach to grow ZnO nanowires with good crystallinity and reasonably
uniform diameters, which can be attributed to the homogeneity of femtosecond laser-
produced precursor vapor in which micron-sized particulates are minimal [40].

2.1.3 Chemical vapor deposition

Chemical vapor deposition involves the controlled deposition of ZnO on a sub-
strate through chemical reactions in the vapor phase [41]. It is a vapor route process
frequently used to manufacture ZnO nanorods on horizontal tube furnace systems,
where oxygen gas is required. Zinc [42] and ZnO powder [43] are typical precur-
sors used in forming ZnO nanorods by CVD, where temperatures between 450 and
900°C or up to 1200°C (respectively) are required to perform the synthesis. Zinc
vapor is deposited on the surface of the heated substrate and reacts with oxygen to
form ZnO nanorods. Synthesis parameters, such as substrate type, vacuum pres-
sure, type of carrier gas, and synthesis temperature, are essential factors affecting
ZnO nanorods’ structural and piezoelectric properties [44]. Schaper et al. reported
in 2021 the fabrication of a novel and advanced approach to directly grow ZnO
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nanowires on single-walled carbon nanotubes and graphene surfaces through suc-
cessfully forming 1D-1D and 1D-2D (two-dimensional) heterostructure interfaces.
In this study, a mixture of ZnO and graphite precursors was placed in a small quartz
boat that was heated up to 930°C, while the samples were heated to 270°C, using
only Argon [32]. Kolhelp et al. reported a similar method but with two modifica-
tions. An initial 70 nm ZnO seed layer was deposited by atomic layer deposition
(ALD), and the nanostructures’ growth was performed employing a controlled oxy-
gen flow. The procedure led to the formation of nanowires with lengths up to 12 um
[31]. Furthermore, Swathi et al. reported the fabrication of branched ZnO nanorods
by adding a second step after the initial ZnO growth by CVD, in which zinc seeds
were coated on the obtained nanorods through spin-coating [22]. The versatility of
CVD is mirrored in the wide choice of precursors. In this scope, it is worth mention-
ing the synthesis of ZnO nanostructures using a bulk zinc wire precursor reported
by Kim et al. [33].

Metal-organic chemical vapor deposition (MOCVD) has been reported to grow
ZnO nanorods using the free catalytic-agent process, with a temperature between
400 and 500°C, which is far from the CVD-based reported studies, carried out using
higher temperatures [39].

2.1.4 Microwave plasma-assisted thermal evaporation

Although VLS, CVD, and PLD offer the possibility of carefully controlling the
ZnO nanorods’ growth and tuning their properties, they require long processing
times, high temperatures, and complex and high-cost equipment. In addition,
catalysts and seed layers are essential for growing vertically aligned ZnO nanorods
on substrates. Therefore, developing a simple, catalyst-free, fast, and economical
approach to growing vertically aligned ZnO nanorods remains a significant challenge.
In this scope, Thongsuksai et al. reported successful growth of vertically aligned
ZnO nanorods on glass substrates by MPATE. The nanorods’ growth was carried
out at room temperature using only zinc powder as the source material. The growth
lasted 7 min, which is much faster than other methods and resulted in nanowires with
diameters of 319 nm [37].

2.2 Solution phase synthesis of ZnO nanostructures

Solution phase syntheses are also called CBD and include approaches, such as
emulsion methods, sol-gel, precipitation from saturated solutions of zinc salts, spray
pyrolysis, and hydrothermal synthesis [4]. These wet chemical approaches offer
the possibility of synthesizing ZnO without vacuum and at relatively low tempera-
tures (around 80°C) [2] through simple, time- and cost-effective routes [1, 2, 4].
Moreover, they pose no limitation regarding substrate material and scalability [2-4].
The properties of the resulting material and the nanostructures’ distribution on the
substrate can be tuned by controlling the growth parameters of different synthesis
approaches, including growth time and temperature or nature and concentration of
precursors [4, 25].

Being 1D ZnO nanostructures vastly explored materials, several synthesis
techniques, such as electrochemical and sonochemical methods, ultrasonic spray
pyrolysis, and hydrothermal synthesis, have been developed and optimized over the
years. Table 2 presents relevant information regarding some synthesis procedures of
nanorods and nanowires reported in the literature.
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2.2.1 Electrochemical anodization

Zinc oxide nanowires can be synthesized through electrochemical anodization of
a zinc foil. A two-electrode electrochemical cell with a graphite rod as a counter elec-
trode and an electrolyte is required for the synthesis. The working electrode is zinc
foil that acts as a source of zinc cations. At the beginning of the reaction, the current
reaches maximum values, as the resistance offered by the zinc foil is very low. As the
reaction continues, the current decreases due to the formation of an oxide layer.

Tantray and Shah produced nanowires with diameters of around 99 nm at room
temperature, under an applied potential between 5 and 15V, for different periods of
time (5-20 min) via electrochemical anodization. Anodization time and temperature,
electrolyte characteristics (nature and concentration), and applied voltage were
reported to influence the properties of the resulting nanowire films, which deter-
mined the final samples’ optoelectric properties [20].

2.2.2 Electrodeposition

Nanostructures can be synthesized on conductive substrates at atmospheric
pressure and low temperature without substrate dimension limitations using elec-
trodeposition [19, 46]. Furthermore, a high growth rate can be achieved using this
simple and cost-effective technique [46].

Generally, the electrochemical growth of ZnO nanorods is carried out in an
electrolyte with dissolved oxygen [19]. This electrochemical-assisted growth depends
on the electroreduction of nitrate and molecular oxygen [17]. The oxygen and nitrate
reduction reactions form hydroxyl radicals, which react with zinc cations, forming
zinc hydroxide that later produces ZnO when the temperature is adequate (at least
70°C) [17, 46]. In general, pure and highly crystalline phases can be obtained without
posttreatment [46]. It is important to note that different ZnO morphologies can be
synthesized by tuning the growth solution concentration and the deposition potential
of the electrochemical process, as these parameters condition the nitrate reduction
reaction and the subsequent formation of hydroxyl radicals [17] whose origin has also
been proposed to derive from hydrogen peroxide reduction [15]. A metal catalyst or
templates can also be used to tune the nanostructures’ morphology [46].

The seed layer features have also proven fundamental in determining the proper-
ties of the synthesized nanorod arrays, such as diameter, morphology, and density.
Additionally, increasing the electrodeposition time for producing a seed layer on
fluorine-doped tin oxide (FTO) substrates affected the nanostructures’ crystallinity.
It also led to a decrease in their diameter and an increase in the nanorods’ density due
to a higher number of nucleation sites [46].

Marimuthu et al. reported the synthesis of ZnO nanostructures (agglomerated
flowers and rods) without metallic zinc phase by a potentiostatic method (-1.3 V)
using a 0.01 M zinc nitrate hexahydrate and 0.1 M potassium chloride solution to
which hexamethylenetetramine (HMTA, 9 mM) was added. The results underlined
HMTAS essential role in determining the crystallinity of the produced nanostruc-
tures [17].

Yang’s work highlighted the importance of the voltage used in the electrochemical
process on the ZnO properties [19]. The electrodeposition-assisted growth of ZnO
nanorods on indium tin oxide (ITO)-coated glass was performed by a potentiostatic
method at three different potentials (—0.9, —1.0, and —1.1 V (saturated calomel
electrode (SCE)). Although the dimensions of the ZnO nanostructures were similar
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for the three tested voltage values, their density and, consequently, the surface area
decreased with decreasing deposition potential. Moreover, at —1.1 V (SCE), the
nanorods’ growth was random and unordered. The aligned growth along the c-axis
was promoted only during syntheses at —0.9 and —1.0 V (SCE). These observations
were pointed to be associated with the formation of a zinc hydroxide depletion layer
near the interface between the substrate and the electrolyte, which limited the supply
of zinc ions and consequently hindered the nanorods’ growth [19].

2.2.3 Sonochemical synthesis

Sonochemical synthesis is a simple and cost-effective approach for producing
nanostructures with a uniform size distribution, high surface area, and purity [7].
Hammed et al. reported the synthesis of ZnO nanostructures using this approach.
During this process, ultrasounds are applied to the growth solution through acoustic
cavitation, creating specific conditions of high temperature and pressure (up to
5000 K and 1000 atm) where ZnO can be formed. The underlying reactions include
zinc precursor decomposition and subsequent reaction with hydroxyl radicals, lead-
ing to the formation of ZnO. Nanorods with 529 and 668 nm lengths were grown on
glass substrates based on this approach by using a zinc nitrate and HMTA equimolar
growth solution [7].

2.2.4 Ultrasonic spray pyrolysis

Ultrasonic spray pyrolysis is a valuable alternative for the fast synthesis of ZnO
nanostructures. During this process, films are produced by spraying a precursor
solution onto a heated substrate [26]. This technique is a time- and cost-effective
approach for producing nanostructures on large areas without resorting to expen-
sive apparatus [11, 26]. By tuning the deposition parameters, the film growth
kinetics can be tailored according to the intended application [26]. Reports on the
ultrasonic spray pyrolysis growth of ZnO nanorods with lengths between 0.9 and
1.45 pm and diameters ranging from 20 to 70 nm on glass substrates have already
been presented in the literature [11, 26]. Although the synthesis is fast (2 min), high
temperatures (around 400°C) are required for the crystallization of the precursors
[11, 26].

2.2.5 Hydrothermal synthesis

Hydrothermal synthesis is the most used technique to synthesize ZnO nanostruc-
tures due to its cost-effectiveness, simplicity [8, 9], and environmental friendliness
[9]. Besides, the synthesis can be carried out at relatively low growth temperatures of
at least 100°C [5, 7, 8].

During a hydrothermal synthesis, the thermal decomposition of the precursors
and, subsequently, of the newly formed intermediate products takes place [2, 5].
Briefly, the precursors decompose, originating zinc cations and ammonia (NHj3).
Then, the latter reacts with water, producing hydroxyl radicals that react with zinc
cations to form zinc hydroxide (Zn(OH),). Zinc hydroxide, in turn, dehydrates due
to increasing temperature, forming ZnO crystals [2, 5]. Since the chemical principles
leading to the formation of ZnO are similar for different precursors, as an example,
the reactions leading to the formation of ZnO from zinc acetate and HMTA are
presented next:
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(CH,), N, +6H,0 <> 6HCHO + 4NH, 1)
Zn(CH,C00), -2H,0 ¢> Zn** +2CH,CO0™ +2H,0 @)
NH, +H,0 <> NH," +20H" 3)

Zn** +20H < Zn(OH)2 (4)

Zn(OH)zé ZnO+H,0 (5)

The growth rate of each crystal plane is as follows: v(0001) > v(0111) > v(0110)
>v(0001). Since v(0001) is the highest, the ZnO nanostructures grow along this
direction [2, 5].

Similarly to other CBD approaches, the hydrothermal synthesis conditions, such
as synthesis time and temperature, precursors’ nature and concentration, and the
characteristics of the seed layer (thickness and orientation), strongly influence the
properties of the resulting nanostructures [2, 7, 9]. For example, the aspect ratio of
hydrothermally synthesized nanostructures can be tuned by controlling the growth
kinetics [4].

Several research groups have investigated the role of the hydrothermal synthesis
parameters in the properties of the produced nanostructures. Remarks regarding the
importance of the seed layer properties, the growth solution composition, and syn-
thesis time and temperature will be presented next. Given that the controlled growth
of 1D nanostructures has become a central research focus, an innovative alternative
for density-controlled growth will also be described.

2.2.5.1 Seed layer properties

The crystallographic surface quality of the substrate influences the growth of
ZnO nanorods through CBD, i.e., the properties of the substrate determine the lattice
mismatch between this material and ZnO, which creates structural defects that hinder
the growth of high-quality ZnO nanostructures [4, 7, 25]. One of two approaches can
be followed to minimize this mismatch: use of a single crystalline substrate (gallium
nitride, alumina, or ZnO) with a heteroepitaxial ZnO film or resort to non-epitaxial
substrates coated with a seed layer. Single crystalline substrates are expensive, so the
seed layer approach is the most explored [4, 25].

The deposition of a seed layer is fundamental to the growth of vertically aligned
ZnO nanostructures, which encompasses three steps: the deposition of a seed layer
followed by nucleation and growth phases [1, 7]. The seed layer decreases the inter-
facial mismatch between ZnO and the substrate [5, 7]. As such, this layer provides
nucleation sites and thus reduces the thermodynamic barrier to crystallization [1, 2].

Several techniques have proven efficient in depositing seed layers for the sub-
sequent growth of aligned ZnO nanostructures [1, 17]. These approaches include
physical vapor methods, such as PLD [47], sputtering [48], and thermal evaporation
and wet chemical procedures, including sol-gel/spin-coating [49] and electrochemical
deposition [17].

It is worth mentioning that the properties of the seed layer influence those of
hydrothermally synthesized ZnO nanostructures. The seed layer’s thickness, orienta-
tion, and crystallinity determine the aspect ratio, crystal structure, crystallinity,
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optical properties, alignment, and density of ZnO nanostructures [7, 12, 50]. In
particular, the concentration of the seed layer was reported to improve the density of
ZnO nanorods, leading to a decrease in their diameter [51].

The growth of vertically aligned ZnO nanorods requires high-quality seed layers
[4]. In this scope, Basinova et al. studied changes in morphology and crystallinity
caused by the seed layer preheating and annealing. Changes in these two properties
influenced the vertical alignment of the ZnO nanorods grown on silicon substrates
where zinc acetate seed layers were deposited via dip-coating. The dip-coating was
repeated 3 times, and the preheating step was performed after each cycle at tempera-
tures between 300 and 400°C. Higher temperatures, besides degrading by-products
of the deposited xerogel, also promoted the coalescence of the seed layer crystallites,
which stimulated the vertical alignment of the nanostructures grown by CBD as the
seed layer presented lower roughness and porosity. After the three dip-coating cycles,
an annealing step was carried out to decrease the number of structural defects and
promote ZnO crystallization. This step was performed in an argon atmosphere and
in the air at 600 and 800°C. The annealing in air improved the properties of the seed
layer by decreasing its roughness [4].

2.2.5.2 Growth solution composition

The nature and concentration of the precursors used for the synthesis of ZnO
nanostructures have a vital role to play in the growth kinetics, i.e., varying the precur-
sors’ concentration alters the properties of the hydrothermally synthesized ZnO
nanostructures [2].

Generally, two precursors are required in a ZnO hydrothermal synthesis: one to
provide zinc cations and the other to supply hydroxyl radicals. The zinc precursor
(such as zinc nitrate, chloride, sulfate, or acetate) provides cations that will integrate
ZnO nanostructures [1]. On the other hand, the non-polar chelating agent HMTA is
often used as the pH buffer [2], as it functions as a hydroxyl radicals’ source [14, 46],
and it also acts as a complexing agent [17]. HMTA hydrolyzes at elevated temperatures
[46] and preferentially attaches to the non-polar faces of ZnO crystals, promoting
the nanostructures’ growth along the c-axis since radial growth is hindered [1, 2]. As
such, a higher concentration of HMTA leads to longer and thinner 1D nanostructures,
whereas the reverse is observed when HMTA concentration is lower compared to zinc
concentration [2]. These morphological features will influence other properties, such
as the nanostructures’ optical properties [2].

Gill et al. studied the influence of ammonia addition on the properties of hydro-
thermally synthesized ZnO nanorods on ITO glass substrates. Ammonia addition
promoted the nanostructures’ growth along the c-axis since this species reacts with
zinc cations, forming complexes such as Zn(NH;)," and Zn(NH;)5**. These com-
plexes increase the nanorods’ density and stimulate their growth as their solubility in
water is higher than that of zinc hydroxide, translating into a decreased tendency to
precipitate [13].

The solvent properties, namely its polarity, also influence the hydrothermal
synthesis growth kinetics, as depending on the solvent’s overall charge, its molecules
attach to different crystal facets and can act as structure-directing agents [52].

Several additives can be added to the growth solution to promote the formation
of the intended ZnO crystal morphology. In this scope, polymeric surfactants such
as poly(vinyl alcohol) have been proven to interact with zinc cations, producing zinc
hydroxide, which is then confined in the polymer’ structure. Although heating leads
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to polymer decomposition, carbon backbone grids with ZnO nanoparticles can stay in
solution, leading to the growth of aligned nanorod arrays along the c-axis [14].

2.2.5.3 Synthesis time and temperature

The variation of the hydrothermal synthesis time has also been reported to influ-
ence ZnO nanorods’ properties [3, 18]. A study of the impact of the reaction time
proved that longer nanorods could be produced by increasing the synthesis duration
[3]. In this work, a zinc acetate seed layer was primarily deposited on FTO substrates
through spin-coating. Afterward, syntheses with different durations (up to 15 min)
were performed using a zinc acetate, sodium hydroxide, and polyvinylpyrrolidone
growth solution. Nanostructures with lengths between 300 and 1500 nm were
obtained [3].

The growth of ZnO nanorods at several temperatures and at different times
on ITO glass precoated with a zinc acetate layer through dip-coating has also been
reported [18]. First, the syntheses were performed at 120°C with variable durations
(1-4 h), and the results revealed a band gap decrease with increasing synthesis
time (3.24 and 3.13 eV, for 1 and 4 h synthesis time). Then, the temperature was
varied from 90 to 130°C, and the results indicate that a 130°C synthesis temperature
might lead to the vaporization of zinc nitrate hexahydrate, which could inhibit the
nanorods’ growth. As such, in the study mentioned above, a temperature of 120°C
and a synthesis duration of 4 h were considered optimal as they maximized the
nanorods’ length, leading to improved photoresponse [18].

2.2.5.4 Filling vatio

Efafi and colleagues presented a study on the influence of the filling volume on
the properties of ZnO nanorods grown on glass substrates. Samples were prepared by
filling 25, 50, and 75% of an autoclave volume with a zinc nitrate and HMTA growth
solution. The samples resulting from the synthesis with the highest filling percent-
age presented an increased number of charge carriers and reduced band gap energy.
Moreover, these samples’ XRD patterns presented an enhanced intensity of the (002)
peak, pointing to a higher growth along the c-axis. Additionally, the ZnO nanorods
produced with the highest solution volume demonstrated higher density and
improved alignment, which are attributed to the higher pressure and, consequently,
temperature inside the autoclave (PV = nRT) [27].

2.2.5.5 Controlled growth-patterning

Chalangar and co-workers proposed an approach to grow density-controlled ZnO
nanorod arrays on silicon substrates. First, a zinc acetate seed layer was deposited
on the substrate through dip-coating, followed by the deposition of a poly (methyl
methacrylate) sacrificial layer and a photoresist film. Then, the samples were covered
with poly(diallyl dimethylammonium) to promote the electrostatic adhesion of
polystyrene nanobeads. These nanobeads were posteriorly removed, creating nano-
holes where ZnO nanorods were selectively hydrothermally grown. Nanobeads with
different sizes were tested: while smaller beads led to heterogeneous growth, larger
ones caused the growth of star-shaped structures and ZnO nanorods. The reported
results indicate that choosing an appropriate nanohole size makes it possible to grow a
single aligned ZnO nanorod on each hole [25].
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Having in mind the influence of the hydrothermal synthesis parameters on the
properties of the synthesized materials, in this work, a thorough study was carried
out on the impact of seed layer properties and synthesis time and temperature on the
morphological features of nanorod arrays grown on glass substrates by microwave-
assisted hydrothermal synthesis. The length, diameter, aspect ratio, and density of
nanorods synthesized under different conditions were estimated in order to establish
a correlation between the synthesis conditions and each of these features. Therefore,
the study carried out in this work becomes an essential tool when producing ZnO
nanostructures by microwave-assisted hydrothermal synthesis since it presents itself
as a guide of synthesis conditions for obtaining nanostructures with morphological
features suited to the intended application.

3. Synthesis and characterization of aligned ZnO nanorods grown on glass
substrates by microwave-assisted hydrothermal synthesis

3.1 Materials and methods

At CENIMAT, ZnO nanorod arrays were synthesized on Corning Eagle XG glass
(Goodfellow, Cambridge, United Kingdom) by microwave-assisted hydrothermal
synthesis. Prior to the nanostructures’ growth, the substrate was coated with a seed
layer by RF magnetron sputtering in an AJA ATC-1300F system without intentional
substrate heating. A ceramic oxide target of ZnO supplied by Alineason Materials
Technology GmbH, with a purity of 99.99%, was used for the deposition. First, the
chamber was evacuated to a base pressure of 10~ Torr, and then the process was
performed with a power density of 4.2 W cm™ and a pressure of 2.3 mTorr under an
argon and oxygen atmosphere. The target and substrate were spaced by 18 cm.

After uniformly coating the Corning glass with the seed layer, ZnO nanorod arrays
were synthesized by hydrothermal synthesis using a Discover SP Microwave Reaction
System from CEM. For the ZnO nanorods growth, an equimolar (25 mM) aqueous mix-
ture was prepared by combining zinc nitrate hexahydrate (Zn(NO;),-6H,0; 98%; CAS:
10196-18-6) and HMTA ((C¢Hy,Ny)2; 99%; CAS: 100-97-0), both from Sigma-Aldrich.
Before the synthesis, 25 mL of this solution was transferred to a 35 mL Pyrex vessel, and
then, the substrate (25 x 12.5 mm) was placed at an angle against the inside vessel wall
with the seed layer facing down. Different synthesis durations (15, 30, or 60 min) and
temperatures (80, 100, or 120°C) were tested. A maximum pressure of 280 psi and a
power of 100 W were kept for all syntheses. After each synthesis, the substrates were
cleaned with deionized water and isopropyl alcohol and dried with nitrogen.

Ultraviolet/ozone (UVO) treatment with different durations (up to 30 min) was per-
formed on the seed layer before the hydrothermal synthesis to analyze possible changes
in this layer and the resulting nanostructures. The treatment was performed using a
Novascan system equipped with two ultraviolet (UV) lamps with 185 nm and 254 nm
wavelengths. The distance between the substrates and UV lamps was kept at 10 cm.

The morphological characterization of the seed layers and the ZnO nanorods
was done by scanning electron microscopy (SEM) using either a Carl Zeiss AURIGA
CrossBeam Workstation instrument or a Hitachi Regulus 8220 Scanning Electron
Microscope. The nanorods’ features, such as length, diameter, and density, were esti-
mated using the Image]J software and the SEM images. It is important to highlight that
the nanorod density for each sample was calculated on a 0.2 pm® area from the SEM
images. A Dektak XT stylus profilometer was used to determine seed layer thicknesses.
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3.2 Results and discussion
3.2.1Zn0 seed layer thickness

The deposition of the ZnO seed layer on Corning glass was carried out by RF
magnetron sputtering. A growth rate of 1.49 nmmin™" was estimated based on the
data obtained by profilometry. Seed layers with 50, 100, and 400 nm thicknesses were
produced using a 33, 67, and 268 min deposition time, respectively. Figure 2 shows
the secondary electrons (SE) scanning electron microscopy images of the surface
morphology of the seed layers.

Considering the images presented in Figure 2, it can be concluded that an increase
in the seed layer thickness causes the coalescence of the sputtered seed layer particles,
as observed in the 400 nm ZnO layer image. This coalescence effect has been reported
Ghayour et al. [53], where a regular grain distribution with a spherical shape was
observed to grow in size with increasing deposition time. A decrease in deposition
time, reaching 100 nm thickness, leads to a regular grain distribution, forming a
smoother surface. Discontinuities are observed in the 50 nm seed layer surface.

Zinc oxide nanorods were successfully grown from the seed layers with different
thicknesses by a 30 min and 100°C hydrothermal synthesis. Before the synthesis, the
seed layer underwent a 5 min UVO treatment to promote growth along the c-axis [54].
The SEM images of the obtained samples are presented in Figure 3.

As the seed layer thickness duplicates from 50 to 100 nm, an increase in the
nanorods’ length can be observed (from 244 to 317 nm), as depicted in Table 3,
presented at the end of the chapter. Upon increasing the seed layer thickness to
400 nm, a decrease in the nanorods’ mean length (122 nm) is observed. This decrease
is associated with the heterogeneity of the seed layer, which hinders the nanorods’
growth. As such, regarding the length of the produced 1D nanostructures, the highest
value was reached for a 100 nm seed layer.

It is well known that the diameter of ZnO nanorods strongly depends on the size
of the seed layer particles. With an increase in seed layer thickness, the size of its
grains and particles increases, which is expected to cause an increase in the nanorods’
diameter as this layer acts as a template for their growth [55]. However, no significant
differences were detected in the diameter of the nanorods (about 40 nm) produced
from the different seed layers, which might be associated with the effect of the UVO
treatment in stimulating the nanostructures’ growth.

2 um 100 nm 400 nm

Figure 2.
SE mode SEM image of surface morphology of the 50, 100, and 400 nm ZnO seed layers (power = 85 W).

123



Zinc Oxide Nanoparticles — Fundamentals and Applications

Figure 3.
SE mode SEM image of ZnO nanorods produced by hydrothermal synthesis from seed layers with different
thicknesses (50, 100, and 400 nm).

The nanorods’ density is expected to decrease with increasing seed layer
thickness as the number of nucleation sites on the surface of this layer decreases
[56]. As such, as expected, a decrease in the seed layer thickness from 400 to
100 nm prompted an increase in nanorod density from 533 to 754 NRs pm >, A
lower nanorod density (306 NRspm ™) was obtained when the seed layer thickness
was further reduced to 50 nm. The decrease in nanorod density can be ascribed
to a lower number of nucleation sites, i.e., thinning of the seed layer might result
in an uneven or discontinuous surface, which hinders the vertical growth of ZnO
nanorods, as shown in Figure 2.

It is worth mentioning that the inverse relation between nanorod density and
diameter for samples produced from seed layers with different thicknesses listed in
Table 3 was similar to the results reported by Song et al. [57].

3.2.2 UVO treatment to the seed layer prior to the synthesis

Before the hydrothermal growth of ZnO nanorods, a UVO treatment was
performed on 100 nm thick seed layers to induce polarity in their surface and con-
sequently promote the nanorods’ vertical alignment [54]. The ZnO nanorods success-
fully grown from seed layers that underwent 5, 15, and 30 min UVO treatments and
without this treatment are presented in Figure 4. The syntheses were carried out at
100°C for 30 min.

By exposing the ZnO seed layer to UV radiation, the oxygen adsorbed to its surface
will decompose, and the surface will become more polar, promoting the growth of
ZnO nanorods with a direction perpendicular to the seed layer surface [54]. The UVO
treatment stimulated growth was observed in the prepared samples as the nanorods
resulting from a seed layer without UVO treatment presented a mean length of
187 nm, whereas the nanostructures grown from a layer that underwent 5 and 15 min
treatments exhibited higher lengths of 317 and 225 nm, respectively, as listed in
Table 3. In turn, the length of the nanorods produced from a seed layer that under-
went a 30 min UVO treatment was similar to that of the nanostructures produced
from the sample that received no treatment. As such, a 5 min UVO treatment was
considered the optimal condition to maximize the nanorods’ length.

Changes in aspect ratio were also observed, as the nanorods’ diameter decreased
from 50 (no UVO treatment) to around 37 nm for a UVO treatment duration of up
to 15 min. Further increasing the UVO treatment duration led to the formation of

124



Perspective Chapter: Vertically Aligned 1D ZnO Nanostructures — Influence of Synthesis...
DOI: http://dx.doi.org/10.5772/intechopen.1005167

Figure 4.
SE mode SEM image of ZnO nanorods produced by hydrothermal synthesis from 100 nm seed layers that
underwent UVO treatments with different durations (o, 5, 15, and 30 min).

nanorods with diameters of approximately 44 nm. A similar trend was reported by
Song et al.[57].

The UVO treatment also influenced the density of nanorod arrays. The samples
grown from a 5 min UVO-treated layer presented a density twice higher than that of
the nanostructures produced from the seed layer without UVO treatment (from 344
to 754 NRspm ™). Increasing the UVO treatment duration from 5 to 15 min caused a
decrease in the nanorods’ density to 524 NRspm ™.

As can be seen from the studies above, the duration of UVO treatment is not
proportionally related to these features, indicating that the UVO treatment’s dynam-
ics might change for longer durations. Thus, the UV radiation penetration depth
might increase, leading to the effects of the UVO treatment being more significant in
depth than at the surface of the seed layer. Moreover, the possible increase in penetra-
tion depth also allows the reabsorption of oxygen molecules on the seed layer surface,
which lowers the induced polarization of this layer by the UVO treatment.

3.2.3 Synthesis time

Zinc oxide nanorods were grown at 100°C in syntheses whose duration varied
between 15 and 60 min. A 100 nm seed layer, which underwent a 5 min UVO treat-
ment, was used to grow the nanostructures presented in Figure 5.

The average diameter of the ZnO nanorods decreased from 48 nm to 35 nm for
increasing synthesis time (15-60 min), resulting in a continuous increase in the
nanorods’ aspect ratio, as presented in Table 3.

Figure 5.
SE mode SEM image of ZnO nanorods produced by hydrothermal synthesis with diffevent durations (15, 30, and
60 min) from a 100 nm seed layer.
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The nanorods’ mean length and density values for each synthesis duration are
presented in Figure 6.

The nanorods’ mean length increases with increasing synthesis time, i.e., nanorods
resulting from a 15 min synthesis present a 220 nm length. In contrast, nanostruc-
tures resulting from a 60 min synthesis have a 395 nm length.

The data presented in Figure 6 depict a decrease in growth per minute, directly
impacting the nanorods’ density. For S}rnthesis durations of up to 15 min, the growth rate
presents a value of around 15 nmmin™". However, for intervals between 15 and 30 min,
the growth rate is about 7 nmmin™", and a nanorod density increase from 375 to 754 NRs
pm'2 is detected. Finally, a decrease in nanorod density, from 754 to 435 NRs pm’z, was
observed when the synthesis time was increased from 30 to 60 min. This decrease in
density and the continuous increase in the nanorods’ mean length with increasing syn-
thesis time can be attributed to the Ostwald ripening process. During this process, small
nanorods dissolve, and larger ones keep growing until an equilibrium is reached [58].

3.2.4 Synthesis temperature

The ZnO nanorods’ growth is a thermo-activated process, so the temperature
significantly conditions the nanorods’ formation and growth along the c-axis [59]. In
this scope, ZnO nanorods were grown at different temperatures of 80, 100, and 120°C
from a 100 nm seed layer that underwent a 5 min UVO treatment prior to the syn-
thesis. The synthesis duration was fixed at 30 min. The SEM images of the nanorods
produced at different temperatures are presented in Figure 7.

The image of the nanorods grown at 120°C shows the detachment of the seed layer
from the substrate in specific areas, which hinders the nanorods’ growth. In turn, when
the synthesis temperature was decreased from 120 to 100°C, the nanorods’ length
duplicated from 153 to 317 nm (Table 3), with a growth rate of around 8 nm°C™".
However, when the temperature was further decreased to 80°C, the nanorods’ mean
length decreased to 220 nm, which was associated with the lower energy level of the
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Figure 6.

Plot representing the evolution of ZnO nanorods’ average density (black) and length (blue) as a function of

synthesis time.
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Figure 7.
SE mode SEM images of ZnO nanorods produced by hydrothermal synthesis at several temperatures (80, 100, and
120°C) for 30 min.

reaction medium derived from the lower temperature. Regarding the growth rate, a
value of about 5 nm°C " is reached for synthesis temperatures between 80 and 100°C.

The nanorods’ diameter presented a minimum value for a 100°C temperature,
which would be expected since this sample presents nanostructures with the highest
length. By varying the synthesis temperature, the energy state of the reaction medium
is controlled, which promotes or hinders the growth of the nanorods along the c-axis
[14]. In turn, higher growth in the direction normal to the substrate tends to lead to a
decrease in the nanostructures’ diameter.

The nanorod density increased when the synthesis temperature was varied
between 80 and 100°C. However, when the temperature was further increased, the
nanorods’ density decreased, which is probably associated with the seed layer detach-
ment from the Corning glass substrate.

Feature NRs density NRs mean NRs mean NRs
(NRs pm™2) diameter (nm) length (nm) aspect

ratio
Seed layer thickness 50 nm 158 + 8 45+10 244 £ 54 5
100 nm 754 + 38 37+9 31771 8
400 nm 533+£26 37+8 122 + 68 3
Seed layer UVO 0 min 344+ 18 50 +11 187+ 28 4
treatment time 5min 754 +38 3749 317:71 8
15 min 524 +27 38+9 225+ 32 6
30 min 437 +22 44 +£10 184 + 41 4
Synthesis time 15 min 375+19 48 +17 220 +31 5
30 min 754 £ 38 37+9 31771 8
60 min 435+22 35+ 4 395 + 63 11
Synthesis 80°C 438 +22 42+6 220 + 42 5
temperature 100°C 754438 37+9 317+71 8
120°C 443 + 22 56 +22 153 + 43 3

Table 3.

Summary of the obtained ZnO nanorods’ morphological features according to the synthesis conditions.
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The obtained results establish a clear relation between the nanorods’ morphologi-
cal features and the hydrothermal synthesis conditions. As such, the data presented
in Table 3 can serve as guidelines for future work where tailoring the nanostructures’
properties according to the application in question might be needed since maximizing
different parameters such as surface area or density might be fundamental depending
on the research area.

4, Conclusions

Zinc oxide (ZnO) nanostructures present non-toxicity, which, jointly with their
other properties such as piezoelectricity, high stability, and mechanical strength,
make them attractive materials for use in several applications such as water splitting,
sensing, or energy harvesting and storage. Among the several nanostructures, one-
dimensional (1D) materials have been widely used due to their properties, such as
improved optical performance and high surface-to-volume ratio, desirable features
in electronic and optoelectronics. Vapor- and solution-based synthesis approaches
have been proposed to grow these nanostructures on different substrates. Vapor phase
approaches, such as VLS, PLD, CVD, and MPATE, offer precise control of the nano-
structures’ growth and allow the careful tuning of their properties, a valuable tool for
(opto)electronic and sensing applications. On the other hand, solution phase synthe-
ses, such as spray pyrolysis, emulsion methods, and hydrothermal synthesis, offer the
possibility of producing ZnO through time- and cost-effective approaches, where ZnO
properties can be tailored by controlling the reaction kinetics. Therefore, the method
for synthesizing ZnO nanostructures should be chosen depending on the final applica-
tion and the available equipment.

Since hydrothermal synthesis is a simple, cost- and time-effective method, it is the
most used for growing ZnO nanorods on substrates. In this scope, a study was con-
ducted on the influence of various parameters on the morphological properties of 1D
ZnO nanostructures. In this work, ZnO nanorods were grown from seed layers with
different thicknesses, which underwent an ultraviolet/ozone treatment prior to the
hydrothermal synthesis. Synthesis time and temperature were also varied. Nanorods
with lengths up to 317 nm were obtained using Corning glass precoated with a 100 nm
seed layer that underwent a 5 min ultraviolet/ozone treatment to induce polarization
on its surface. The aligned nanorods with improved aspect ratio were synthesized at
100°C for 60 min. The highest nanorod density values were obtained in the same con-
ditions but for a synthesis time of 30 min. Thus, the obtained data indicate that each
parameter impacts the synthesized nanostructures’ properties. As such, the growth
process details must be carefully selected depending on the final application aiming to
optimize the nanostructures’ performance.

The described results are the cornerstone for developing high-performance elec-
tronic three-dimensional (3D) devices and pressure sensors for monitoring human
movements, as they provide a detailed report on the procedure to obtain nanorods
with the desirable morphology, directly impacting the devices’ operation.
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Chapter 5

Zinc Oxide: Wurtzite Structure
Properties under Isobaric and
Isothermal Ensembles — A
Computational Calculation

Yahia Chergui

Abstract

Zinc oxide is a promised component in Technology and Nanotechnology due
to its practical properties especially under extended temperature and pressure. In
this work parallel and equilibrium molecular dynamics technique (MD) (Raven
Supercomputer of Cardiff University, UK) and DL_POLY 4 are used to study the
effect of extended pressure and temperature; the system is composed from 2916
atoms of wurtzite type (1458 atoms of Oxygen and 1458 atoms of Zinc) under the
range of pressure 0-200 GPa and the range of temperature 300-3000 K; the proper-
ties and chemical bonds of ZnO are analysed under isobaric and isothermal ensem-
bles. These results are in the vicinity of available data of theoretical and experimental
information. This work is very important in many industrial fields in nanoscale and
macroscale fields.

Keywords: pressure, temperature, ZnO, chemical bonds, MD

1. Introduction

Zinc oxide is a very important material that can be used in a variety of applica-
tions such as gas sensors [1-5], photocatalyst [6, 7], nanowires [8-15], nanorods
[16-20], tetra ped, nanowhiskers [21], nano combs [22, 23], nano pins [24, 25], and
nano helices [26, 27]. At ambient conditions, the most stable phase of ZnO is wurtz-
ite (B4) [28-31]. The parameters of the unit cell of B4 are; a = 3.242 (A), c=5188
(A), and p = 3/8 where c/a = 1.633. The structure is formed by two interpenetrating
zinc and oxygen hexagonal sublattices. Each atom of Zn is surrounded by four atoms
of oxygen [32]. Due to its importance, ZnO has been the subject of many simulated
investigations using different approaches. Under low and high pressures and tem-
peratures, Hartree-Fock (HF) and density functional theory (DFT) have been used
to simulate zinc oxide structure [33, 34], phase transition and elastic properties
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[28, 29, 35-39], phonon-dispersion and defects [28, 40, 41], and structural stability
[29, 34, 36, 42-52].

Classical force fields permit the study of physical properties and the tempera-
ture impact with consideration of anharmonicities using large systems [28, 42,
53], which can be investigated using molecular dynamics (MD). Although many
experimental and theoretical investigations on ZnO have been conducted, there
is still a need for more investigations in order to determine and predict possible
scenarios of phase and structural transitions of different ZnO structures using
the MD approach [16, 35]. This approach (MD) has been used to simulate iso-
baric and isothermal ensembles of ZnO at different temperatures and pressures
[54-58], where the Buckingham potential is employed because it is binary as ZnO
interactions [35, 59]. In this work, we focus on analysing isobaric-isothermal
behaviours of the ZnO wurtzite phase to calculate the molar volume, its variation
versus time, standard error of volume, fluctuations, total temperatures, total
energy, equilibrium time of total energy, total temperature, and volume of the
unit cell, bond-length of Zn-0, Zn-Zn, and O-0, and enthalpy of the system in
the range of 0-200 GPa and up to 3000 K, where experimental and theoretical
data under used conditions of pressures and temperatures are not available to our
knowledge.

2. Numerical procedures

The present MD simulations on the ZnO B4 phase were achieved by the mean
of the Raven supercomputer (Cardiff University, Chemistry Department, Wales,
UK). We investigated the behaviour of our system at different temperatures and
pressures. The atomic interactions of the system are given by Coulomb-Buckingham
potential, with a cut-off radius of r.,; = 12 A. Outside this distance, the short-range
interactions are insignificant [4, 5]. To control the temperature and pressure,
the Nose—Hoover constant NST ensemble was used (N number of atoms, S is the
stress, and T is the temperature of the system) [6], with a thermostat relaxation
time of 10 ps and a pressure (barostat) relaxation time of 10 ps (required time of
thermostat).

The MD technique consists of numerically solving a group of differential equa-
tions of Newton’s laws over all atoms of a simulation box. Thus, given an initial
configuration of positions and velocities at the time (t), the positions, velocities,
and accelerations can be calculated at a later time t + 8t [7], where the time step was
dt = 1fs, and Verlet algorithm was employed for integration.

Each run is made up of 300,000 time steps (300 ps), enough to reach the equi-
librium state of the system. The simulation box, with periodic boundary conditions,
contains 2916 atoms of ZnO (1458 Zn** ions and 1458 O*" ions), which is equivalent to
aboxof size 9 x 9 x 9 (according to x, y and z), with a = 3.242 A,and c = 5188 A, see
Figure1(a-d).

For long-range Coulomb interactions, the Ewald Sum method was applied [8].
The atomic positions in unit cell are (1/3, 2/3, 0), (2/3, 1/3, 1/2) for Zn*, and they
are (1/3,2/3, 0.381), (2/3, 0.335, 0.881) for O*" ions. The error bar of molar volume
calculations is between 0.0027 and 0.0064 A°,
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Figure 1.

(a) Simulation box 9a x 9b x 9c supercell of ZnO B4 with 2916 atoms, under 0GPa and 300 K, the zinc
and oxygen are grey and red spheres, vespectively. (b) Unit cell of ZnO B4 (NASA Goddard Space Institute
Collaboration), the zinc and oxygen atoms are magenta and ved spheres, respectively.

3. Results and discussion

3.1 Total energy of ZnO Wurtzite phase under different pressures
and temperatures

3.1.1 Evolution of total energy in time under high pressure and different temperatures

In order to know the behaviour of total energy versus time, the equilibrium time of
total energy is analysed to confirm the validity of Buckingham’ potential under different
temperatures and pressures. We study the system of 2916 atoms of ZnO-W phase under
the range of 0-200 GPa and 300-3000 K, as shown in Figures 2-12. In Figure 2, under
0GPa and 300-3000 K ranges of temperatures, there is instability of the system due to the
fluctuations from 0 ps to 100 psat 1500, 2000, and 2500 K, especially at 3000 K because
of the effect of temperature more than that of the pressure (around melting degree).

However, from 100 ps to 300 ps, the fluctuations become insignificant due to
the equilibrium state; the system is more stable, and the total energy is linear and

139



Zinc Oxide Nanoparticles — Fundamentals and Applications

] 50 100 150 200 250 300
-32,500 - : - - : 2,500
=== 0GPa 3000K
-8+ 0GPa 2000K
-33,000 - ~- 0GPa 1500K [ -33.000
5 0GPa 300K
& === 0GPa 300K
2 -33,500 [-33500
2
5y
E -34,000 [ -34,000
H
g
T 34500 o 34500
>
o
H
H
& 35,000 F-35,000
H
Q2
-35,500 |- -35.500
36,000 T T T T T 000
0 50 100 150 200 250 300
Time{ps)

Figure 2.
Total energy of system of ZnO-W phase under 0 GPa and the range of 300-3000 K.

constant at 300-3000 K. While at 3000 K, we notice an important jump of the total

energy in the vicinity of 100 ps; this means that the solid phase of the wurtzite ZnO

is not stationary at this temperature, the most likely phase steady under these condi-
tions (3000 K and 2500GPa) is the liquid phase, Chergui et al. [60].

Under 20 GPa and the range of temperature1500-3000 Kk, the total energy reaches
its equilibrium value of around 100 ps with noteworthy fluctuations at 1500-3000 K,
while at 300 K and 500 K, the fluctuations are slender, and the equilibrium time is
around 10 ps.

The total energy rises with rising the temperature and pressure, and becomes
smooth, see Figure 3.

The same behaviour can be seen in the case of the pressure 40-60 GPa, where the
equilibrium time drops with rising temperature; besides that, there is a reduction of
fluctuations and growth of total energy, see Figures 4 and 5. Under 20 GPa and the
range of temperature 1500-3000 Kk, the total energy reaches its equilibrium value
of around 100 ps with noticeable fluctuations at 1500-3000 K, while at 300 K and
500 K, the fluctuations are minor, and equilibrium time is around 10 ps. The total
energy gets bigger with the extension of temperature and pressure and becomes
smoother.
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Figure 3.

Total energy of system of ZnO-W phase under 20 GPa and the range of 300—3000 K.
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Total energy of system of ZnO-W phase under 40GPa and the vange of 300-3000 K.
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Figure 5.
Total energy of system of ZnO-W phase under 60 GPa and the range of 300-3000 K.

In the range of 80-200 GPa, the effect of pressure is more crucial; the total energy
reaches its equilibrium value very quickly compared to the case of low pressures.
Actually, we see from Figures 6-12 that the bigger the pressure, the shorter the
equilibrium time and vice versa.

The relationship between equilibrium time of total energy, under low and high
temperatures and pressures is that; the equilibrium time increases with increasing
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Figure 6.
Total energy of system of ZnO-W phase under 80GPa and the range of 300-3000 K.
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Equilibrium time behaviour of total energy versus pressure under 40—200GPa and high temperature 1500-3000 K
in isothermal ensemble.
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Figure 14.
Equilibrium time of total energy of ZnO-W type versus pressure under high pressure (40~200GPa) and high
temperature (1500-3000 K) in an isobaric ensemble.

the temperature and decreases with increasing the pressure as shown in Figure 13
(isothermal system) and in Figure 14 (Isobaric system).

In isothermal or isobaric ensemble, each jump of the equilibrium means a phase
transition which corresponds to a variation of volume as mentioned in part 3 (Molar
Volume [60]). Under 2000 K and 2500 K (Figure 15) approximately, we have the
same variation of equilibrium time due to melting degree of ZnO [60]. The same
variation appears in isobaric ensemble for 2000 K and 2500 K, and under 40, 80,100,
160, and 180GPa, see Figure 14. Where at 60, 120, and 200GPa at all temperature
the equilibrium time of total energy is linear, which means the same structure of B1.
However, under 140GPa between 1500 and 2000 K, there is a phase transition where
the structure maintains the same till 3000 K.

So from previous figures and under different ranges of pressures and temperatures,
we can conclude and confirm that there is a phase transition when there is a jump in
equilibrium time of total energy versus temperature at 2000 K and 2500 K (melting
degree) under all pressures. It is approximately the same phenomena in molar volume
variation versus pressure or temperature (part 3); see Figures 16 and 17. It needs to
confirm the value of equilibrium time variation as in volume to have accuracy about
phase transition under low temperature and high pressure.
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Figure 16.
Equilibrium time behaviour of total energy of ZnO-W type under high pressure (40—200GPa) and 300 K and
500 K.

3.1.2 Evolution in time of total energy under low pressure and different temperatures

Under low pressures (0.1, 5, 10, and 15GPa) see Figures 15-18, and low and high
temperatures, the total energy remains constant after 100 (ps) due to the equilibrium
of the system. While the fluctuations appear at 1500 K and increase with increasing
temperature, where at 3000 K (2228 K is the melting degree), there is a bit of increase
in total energy due to the effect of temperature, Chergui et al. [60].

Under 0.1 MPa, 5, and 10GPa and 300-3000 K ranges, the total energy is linear
and approximately constant due to the effect of pressure, see Figures 18-20.
Under 15GPa, the effect of pressure is clear, where the equilibrium time and the
fluctuation are decreased since the total energy is decreased, as mentioned in
Figure 15.

Under 15GPa, the total energy decreases a bit and starts to be smooth because the
effect of pressure is more than temperature, which decreases the fluctuations. The
equilibrium time of total energy under 0.-30GPa range and at low temperatures (300
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Figure 20.
Total energy of system versus time of ZnO-W phase under 10GPa and the range of 300-3000 K.

1 1 1 1 1
L\ == 500K
— AN === 300K
7
270+ N 0
E .
8 "~
& S,
£ N o
4 6
a h
el
5 .-
4 . e ~
R —— Fse
] . S~
8 ~s ~—
3 i fat S
o ~, S
~
407 S — F%
= ————— -
51 UTTmmeel . -
= —— -
—— —
&30 B S 43
e
T
T T T T T

Pressure(GPa)

Figure 21.
Equilibrium time of total energy versus pressure of ZnO-W under 0—30GPa and at 300 K and 500 K in an
isothermal ensemble.

and 500 K) in an isothermal ensemble has nearly the same variation. These curves
have the shape of molar volume versus pressure under the same range of pressure
and temperatures, where there were phase transitions between 5 and 15GPa at 300 K.
This means that the rock salt type starts at 5GPa and finishes at 15GPa. However, the
equilibrium time of total energy at 500 K has the same shape as the equilibrium time
of total energy at 300 K (the same phase transitions as shown in Figure 21).

In an isobaric ensemble under the previous ranges of pressure and temperatures,
the equilibrium time of total energy is linear and increases with increasing tempera-
tures and decreases with increasing pressure, as mentioned in Figure 22.

The shape of this curve (Figure 22) has the same variation as the curve of equilib-
rium of molar volume versus the pressure at 300 K and 500 K and under 0-30GPa. In
the literature on the molar volume of ZnO-W, there is a phase transition which starts
at 5GPa and finishes at 15GPa [28, 29, 35-39]. This means that the equilibrium time
of total energy versus pressure can prove and confirm this phase transition because
there is a physical link between the change in volume and the change in total energy
according to the interatomic and molecular distance change.
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Figure 22.
Equilibrium time of total energy versus temperature of ZnO-W under 0-30GPa and at 300 K-500 K in an
isobaric ensemble.

Figure 22 shows an isobaric ensemble of the equilibrium time of total energy
versus temperatures under high pressure and low temperature, where the curves are
linear and the equilibrium time is decreased with increasing pressure and increases
with increasing temperature.

In order to clarify the effect of high temperature (1500-3000 K) and low pressure
(0-20GPa) on the equilibrium time of total energy in an isobaric and isothermal
ensemble, Figures 23 and 24 show this behaviour. In isothermal ensemble (1500-
3000 K and 0-20GPa), as shown in Figure 23, we note that the equilibrium time of
total energy decreases with increasing the pressure till 10GPa and increases due to
the effect of high temperature of 3000 K (solid-liquid phase) [35, 61-64]. While at
2500 K, the equilibrium time increases with increasing temperature due to the start-
ing of melting of ZnO-W (2228 K), it is the same behaviour approximately at 2000 K.

At 1500 K, the equilibrium time of total energy is nearly linear between 0 and
10GPa and bit increases from 10GPa to 20GPa, which means that there are two phases
of ZnO-W type [28, 29, 35-39].

we can note that; at 5GPa the equilibrium time of total energy is decreased from
1500 K to 2000 K and increased to 2500 K, which is the area of melting of ZnO-W

Equilibrium time of total energy of the system(ps)

- 3000K
- 2500K
= 2000

= 1500K
0

F20

0 5 10
Pressure(ps)

Figure 23.

20

Equilibrium time of total energy versus pressure of ZnO-W under 0—20GPa and at 1500-30,000 K in an

isothermal ensemble.
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and increased from 2500 K to 3000 K, which is the solid-liquid state. At 0GPa, the
same behaviour is observed under 5GPa. Under 10GPa, the equilibrium time of
total energy is linear between 1500 K and 2500 K, where it decreases till 3000 K,
which means the effect of pressure is more than the effect of temperature. The
variation of equilibrium time of total energy under 15GPa and at 20GPa is approxi-
mately the same at all temperatures, which means the same phase [28, 29, 35-39],
(see Figure 24).

3.1.3 Total energy under high pressure and different temperatures

In an isothermal ensemble, the total energy under the range of 0-200GPa and
300-3000 K of the ZnO wurtzite phase is linear at all temperatures and increases with
increasing pressure. Under low pressures is around -350,000 (Kj/1458mols), while
under high pressure, it is around 50,000 (Kj/1458mols). See Figure 25; the increase
in total energy is proportional to the rising of the pressure and temperature.
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Equilibrium time of total energy versus temperature of ZnO-W under 0—20GPa and at 1500-3000 K in an
isobaric ensemble.
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Figure 26.
Total energy of system versus pressure of ZnO-W phase under 0—30GPa and at 300 K.

3.1.4 Total energy under low pressure and different temperatures

At 300 K and the pressure is in the range of 0-30GPa (Figure 25), the total
energy of ZnO wurtzite structure versus the pressure is linear; there is a proportion-
ality between the increase of the total energy and the increase of the
pressure, as shown in Figure 26.

4, Conclusion

The molecular dynamics technique and DL_POLY_4 are investigated to study the
behaviour of total energy of ZnO wurtzite structure, equilibrium time, and the phase
transition compared with literature data. The total energy, equilibrium time, and the
fluctuations are increased with rising the temperature and drop with increasing pres-
sure. The extraction of phase transition from the curves of equilibrium time versus
pressure or temperature is a new approach compared with available data.
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Chapter 6

Defect-Induced Ferromagnetism
in ZnO Nanoparticles

Bhagaban Kisan and Rajat Kumar Das

Abstract

ZnO nanoparticles of different sizes were produced using a high-energy
mechanical milling process. The average crystallite size drops from ~28 to ~11 nm
after milling for 60 hours, the effective strain rises, and both the unmilled and milled
powders exhibit a wurtzite structure. The crystallite size value increases (~20-26 nm)
with air annealing at 600°C. The pure ZnO powders show paramagnetism and
eventually reveal ferromagnetism with moderate moment and large coercivity at
ambient temperature. For the ¢, = 40 hours, ZnO powder generated a moment of
~0.9 emu/g at 12 kOe applied field and a coercivity value of ~172 Oe. Further, H. and
M; increase with decreasing temperature. ZFC and FC curve shows the ferromagnetic
in nature. Furthermore, oxygen (Vo) and zinc vacancies (Vz,) were the primary
causes of intrinsic defects, supported by Raman scattering spectra. Therefore, ZnO
nanoparticles with magnetic characteristics that may be adjusted show promise for
use in multipurpose spintronic devices.

Keywords: nanoparticles, mechanical milling, ferromagnetism, defect, spintronics

1. Introduction

The ferromagnetic (FM) properties at room temperature in diluted magnetic
semiconductors (DMS) with reduced band gaps have recently attracted much interest
as a possible path toward realizing semiconductor-based and multifunctional
spintronic devices. As a result, one of the primary methods for producing transition
metal (TM) oxide nanocrystalline powders is based on DMS with a Curie temperature
(T¢) higher than room temperature for usage in spintronic applications [1-5]. The
first report on Mn-doped ZnO-produced room temperature ferromagnetism (RTF) at
temperatures of approximately 700°C was reported by Sharma et al. [6]. Comparably,
large-scale RTF oxide materials doped with TM-like (HfO,, MgO, TiO,, and SnO,)
have been described [7, 8]. Beyond stability and reproducibility concerns, there is an
ongoing debate on the intrinsic vs. extrinsic causes of RTF, including the creation of
clusters of magnetic nanoparticles and the presence of other phases by doping in the
sample. It should be mentioned that these items are inappropriate for use with DMS.
However, recent research on the ZnO system has shown that RTF can be realized in
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two ways: in pure ZnO and doping with non-magnetic like C, H, Mg, and N [9, 10].
This is comparable to the RTF reported in SnO,, TiO,, and MgO, known as d° FM [11].
On the other hand, a comprehensive research analysis indicates inconsistent findings
about the evolution of RTF in pristine ZnO systems. According to Bartolome et al.
[12], the ball milling approach used to prepare ZnO-based particles led to a significant
decrease in the average crystal size without causing any ferromagnetic characteristics
to be induced. Furthermore, Sanyal et al. [13] observed that the ZnO treated by ball
milling did not exhibit FM nature, even with the creation of Zn vacancy (Vz,).
However, Potzger et al. [14] described a simple mechanical method for producing
ferromagnetic defect ZnO, which they connected with flake-like formations in
planarly crushed powder fragments. According to Xing et al. [15], in ZnO nanowires
manufactured via vapor transport, the oxygen vacancies increase the room tempera-
ture FM and cause distinctive photoluminescence. Additionally, Podila et al. [16]
observed that the preparation of the sample and the annealing conditions affect the
production of RTF in ZnO films. Theoretical computational work, such as Ab-initio
research also reported how surface defects affect ZnO nanoparticles’ magnetic char-
acteristics. According to Banerjee et al. [17], the creation of oxygen vacancy clusters
during thermal annealing of pure ZnO powder increases FM. It was suggested by Phan
et al. [18] and Ghose et al. [19] that ZnO nanoparticles with induced defect-related
ferromagnetism might be produced by mechanical milling from original paramagnetic
ZnO powders. The room temperature ferromagnetism (RTFM) resulting from a shift
in the quantity of oxygen defect and Zn interstitials was reported by Rainey et al. [20].
These investigations demonstrated that the defect density of either Zn (Vz,) or
oxygen (Vo) was the cause of the generation of FM in pristine ZnO nanoparticles.
According to numerous investigations, oxygen vacancies (V) are the only ones
thought to be crucial in mediating ferromagnetism at RTFM in ZnO [21-25]. Addi-
tionally, there have been studies indicating that other defects like zinc intersti-

tials [26, 27], zinc vacancies (Vz,) [28], and some extended defects [29-31] may be
the cause of the RT ferromagnetic response. The researchers continue to face signifi-
cant difficulties in determining the type of defects causing the observed FM. Since
both zinc and oxygen vacancies were suggested to cause the FM in undoped ZnO, it is
unclear which defects are attributed to the magnetic moments. However, theoretical
and experimental research revealed that RTFM is caused by defect-related oxygen or
zinc vacancies. In particular, both theoretical and practical results point to a strong
relationship between oxygen vacancies and magnetism in undoped ZnO [23, 32-36].
With size variation and defect-induced effect in ZnO powders, only a small number of
studies have examined RTFM [14-18]. Here is a simple ball milling technique for
room-temperature ferromagnetism in ZnO. For ferromagnetic, optoelectronic uses of
ZnO are highly helpful. It is widely acknowledged that by simply varying the milling
duration, mechanical milling can introduce a significant amount of defect into the
powders [37-41]. In-depth research has been done on the band gap alteration that is
produced in ZnO powders when strain and oxygen vacancy defects or zinc vacancy
work together. So, the observed RTF in ZnO powders is intrinsic. The defects associ-
ated with oxygen and zinc vacancies play a vital part in the presence of ferromagne-
tism. This was further validated by Raman scattering spectrometer measurement.
Nevertheless, comprehensive papers describing the size effect on RTF formation and
its stability of magnetism higher than ambient temperature in ZnO nanoparticles are
lacking. Therefore, a report on the investigation into the effects of varying sizes on
room temperature-dependent magnetic, vibrational, and structural characteristics of
ZnO particles that are generated by mechanical milling is needed.
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2. Experimental details

A planetary high-energy ball mill was used to produce ZnO (>99.9%, Merck)
nanopowders that showed paramagnetic (PM) characteristics at ambient tempera-
ture. The ZnO powder was processed mechanically at 500 rpm using a 10:1 ball-to-
powder weight ratio for the milling period ¢,,, = 0-60 hours. The nanopowders were
prepared in an environment of extreme purity using argon. The mill was set up to shut
down for 15 minutes following every 15 minutes of operation to prevent overheating.
Figure 1 shows the schematic view of the milling process inside the vial and the
photographic view of the horizontal support disc on which vials are mounted
(Insmart, India). Then, these nanopowders were air annealed at 600°C for 3 hours.
For crystal structure analysis, a high-power X-ray diffractometer of Cu-Ka radiation
was used (Rigaku TTRAX III 18 kW). The XRD data were gathered at 0.05 °/s scan
rate to investigate the creation of nanostructured ZnO, and the Williamson Hall Plot
(WHP) method was used for crystallite analysis [37, 42]. A field emission scanning
electron microscope (FESEM, Sigma Zeiss, Germany) was measured to study the
surface morphology. A vibrating sample magnetometer (VSM, LakeShore Model
7410) was used to study the magnetic characteristics at room and low temperatures
(25-300 K). The M-T investigation (ZFC and FC) was measured using a
superconducting quantum interference device at various temperatures (SQUID,
Quantum Design MPMS XL7). Micro-Raman spectroscopy (LabRam HR800, Jobin
Yvon) was used to measure the Raman spectra, with an excitation wavelength of
488 nm.

3. Results and discussion

A room temperature X-ray diffraction (XRD) spectrum of unmilled and milled
ZnO powders at various milling times (,,, = 0-60 hours) is shown in Figure 2, and
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Figure 1.

(Left) Schematic diagram of the hovizontal section of the ball milling process and the (right) photographic view of
the horizontal support disc on which vials are mounted.
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(a) XRD patterns of (a) t,, = 0-60 hours milled, (b) XRD pattern of annealed (t,, = 01, 05, 60) sample at
Ta = 600°C, (c) variation D for as-milled and annealed with milling time (t,,) of ZnO powders, and
(d) variation of a and ¢ value with milling period (t,,) for milled ZnO powders [43].

annealed ZnO powder (¢, = 01, 05, and 60 hours) samples at 600°C are observed in
Figure 2(b). The XRD patterns show the absence of any further impurity phases, all
pure ZnO that has been ground and annealed exhibits all the reflections that accord
with the wurtzite structure’s hexagonal form. When the t,, is increased from 0 to

60 hours, the wurtzite structure remains unchanged during milling. Nonetheless,
there is a noticeable increase in the width of the XRD peaks found for milled ZnO. The
reduction in the crystallite size, and strain, and the existence of extra defects are the
causes of this peak broadening. The large strain and atomic modification in ZnO
nanocrystalline powders are unavoidable due to the milling process, which leads to
significant fragmentation, cold welding, and deformation in a particularly strong
grinding media.

Conversely, Figure 2(b) shows that the peak width of the XRD diffraction of the
samples after annealed T, at 600°C at 3 hours gradually decreases. The reduction in
the width of the peak with annealing T, in the sample can be attributed to the
formation of ZnO with the absorption of oxygen from the atmosphere and due to the
relaxation of strain that is accumulated in the as-milled powders. Williamson-Hall plot
(WHP) method [37, 42] was used to examine XRD patterns to thoroughly assess the
structural refinement, as stated in Eq. (1),

(Afp)cosOp  k sin Op

A D"

1)
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where 7 is effective strain, k is Scherrer’s constant (given as 0.9 for the spherical
nature of particles), and D is the average crystallite size. Afp is defined as the full
width at half maximum (FWHM) of the Bragg reflections (in radians). The X-ray
wavelength is denoted as 4 = 1.5406 A. The D value (derived from the inverse of the
intercept) and the  (derived from the slope of the fit) are obtained by fitting the data
with a straight-line process, by the WHP approach, which calls for a straight line to
connect (A0g cosdp/1) and (sinfp/)). The average crystallite size (D) for both the
milled and annealed samples is displayed in Figure 2(c). As the milling time increases,
the average crystallite size is found to decrease with increasing t,,, = 60 hours, reaching
a value of approximately 10.5 nm for 40 hours. For powder milled for 60 hours, there
was a modest rise in crystallite size, which can be associated with repeated milling.
Additionally, it is evident that, as a result of strain relaxation, the average crystallite
size grows with air-annealed T at 600°C, reaching a value of roughly 26 nm for
powders milled for 05 hours and 24 nm for powders milled for 60 hours. The calcu-
lated value of lattice constants (a, ¢) using Eq. (2) with milling time ¢, is displayed in
Figure 2(d) [44], for the calculation of the lattice constant for as-milled ZnO

powders.
24 (B4 hke+ k1P
Loy A AN TR R
sin“0 = 7 [3 < " 2 2)

Plotting the predicted lattice parameters (4, ¢) against t,, in Figure 2(d) reveals
that the lattice constant, which is derived from XRD peaks, increases gradually for the
tm = 01 hours of milling and then gradually drops over the next 03 hours. The lattice
constant grows significantly up to ¢, = 20 hours of milling on further increasing t.,,
after which it shows a modest relationship. This may be explained by the fact that as
milling times increase, defect densities and size reductions occur. When ¢, increases,
ZnO nanoparticles’ average crystallite size decreases and defect density increases
according to structural characterizations. Using the FE-SEM technique, the pure ZnO
and milled ZnO powders were analyzed to comprehend the change in the surface
morphology. The FE-SEM images of milled ZnO powders for unmilled and
tm = 40 hours milled ZnO powders are shown in Figure 3. In pure unmilled ZnO
powders, a distinct particle morphology is found between 0.1 and 1 pm particle size.
Furthermore, it was discovered that the particle shapes are essentially random. The
average size of milled ZnO drops significantly below 100 nm as t,,, increases. Concur-
rently, the fine particle agglomeration intensifies, resulting in aggregated particles, a
characteristic of powders that have been ball-milled [45, 46]. This is mostly caused by
the frequent cold welding and powder breakage that occurs during milling.

The usual plane-view bright-field TEM (BF-TEM) pictures and selected area elec-
tron diffraction (SAED) patterns for pristine unmilled ZnO powder and milled ZnO
powders at t,,, = 05 and ¢,,, = 40 hours are reported in our earlier paper [43]. The pure
ZnO powder’s BF-TEM image shows a distinct particle shape with crystal sizes varying
between 50 and 100 nm. The ZnO diffraction rings in the SAED pattern clearly show
the polycrystalline nature of the crystals, despite their seemingly random size and
form. Similarly, irregularly shaped fine nanocrystalline microstructure is confirmed
by BF-TEM images of milled ZnO particles. Furthermore, the SAED patterns exhibit
diffraction rings, which support the polycrystalline nature and hexagonal wurtzite
structure of ZnO. After milling for ¢,,, = 5 hours and ¢,,, = 40 hours, the average crystal
size as determined by BF-TEM images at random places decreases from 50 to 100 nm
to around 13 and 11.5 nm, respectively. The ZnO crystallite size fluctuations seen by
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Figure 3.
FESEM images of (a) pure unmilled ZnO powder (b) and t,, = 40 hours of ZnO powders.

TEM show a similar behavior that is nearly identical to the XRD findings. However,
the powders at the nanoscale have a wide range of sizes and asymmetrical forms.
Therefore, there is good agreement between the analyses of TEM and XRD findings,
and it is anticipated that these structural variations in ZnO powders will result in
significant changes to their physical properties.

3.1 Raman study

The room temperature Raman spectra were measured for unmilled and milled
ZnO powders, as shown in Figure 4 to explore the crystallinity and defects structure
present in the milled powders [47, 48]. The Raman spectra were subjected to curve
fitting analysis using various band combinations to determine the area under the
curves, peak position, and peak breadth. The fitted curves are also displayed in an
earlier paper [43]. As well-documented in literature [3, 49-52], wurtzite ZnO belongs
to the space group Cp, using two formula units in the primitive cell, the irreducible
representations can be used to categorize the zone-center optical phonons:

[opy = A1 + 2E; + E1 + 2B;. Silent modes make up the B; modes. Both the transverse-
optical (TO) and longitudinal-optical (LO) components of the polar, Raman, and
infrared active A; and E; modes divide at distinct frequencies. The two frequencies of
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Figure 4.
(a) Raman spectra of unmilled and milled t,, = 0~60 hours. (b) Enlarged view of E,(LO) mode and (c) enlarged
view of Raman shift for E,y; mode of ZnO sample [43].

the nonpolar E; modes are E, (high) and E, (low), which correspond to the vibration of
the zinc (Zn) sublattice and the motion of oxygen (O) atoms, respectively [50, 52, 53].
A large peak was discovered at 438 cm ™" for pristine un-milled ZnO, as shown in
Figure 4(a). This peak is ascribed to the E; (high) (E,y) mode. The A,(TO), A;(LO),
E;(LO), and 2(E,u-E>1) modes, respectively, could be responsible for the smaller peaks
that were also seen at ~330, ~381, ~543, ~581, and ~660 cm " [3, 47, 50, 54-57]. The
E;(LO) peak is more prominent after increasing milling time. The E,; mode at
~438 cm™ ! broadens asymmetrically and drops dramatically with increasing ¢,,,. How-
ever, for the milled ZnO powders, the weak peak A;(LO) and E;(LO) modes in pure
ZnO powders are more noticeable. The presence of different defects (surface and bulk
defects) due to Zn interstitial defect states, oxygen vacancies, size effects, reduced
crystallinity, etc., may be the source of A;(LO) and E;(LO) peak [58-62]. Furthermore,
when t,,, grows, the A;(LO) and E;(LO) modes move noticeably toward lower fre-
quencies, as shown in Figure 4(c) and (d). This lower wavenumber shift is due to the
expansion in the lattice constant. This is consistent with the XRD data, which showed
that ball-milled ZnO particles exhibit an increase in c-axis length. The unit cell’s expan-
sion results in the corresponding bonds’ elongation along the c-axis, which weakens the
force constant and softens the phonons’ lower vibration frequency mode. These find-
ings unequivocally demonstrate that, as t,, increases, the ball milling method causes
defects and a decrease in particle size in ZnO powders. The milling conditions have a
noteworthy influence on the relative strengths of the peaks. These findings closely
match the vibration characteristics of the samples that are currently being studied.
Figure 5 shows the Raman spectra for annealed at 600°C for t,, = 01, 03, 05, and
40 hours milled sample. The high-intensity peak is only E,y and other peak intensities
show very low and the absence of a peak was observed. This absence and low-intensity
peak were observed after annealing at 600°C due to the relaxation in the strain and
absorption of oxygen from the atmosphere. So, from this observation, large defects like
oxygen (V) are generated with increasing milling ¢,,, and disappear with air annealing.
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Figure 5.
Raman spectra of annealed ZnO milled samples at 600°C.

3.2 Magnetic study

To investigate the effects of size on the magnetic characteristic of ZnO sample
measured the (i) initial magnetization (IM) and M-H loops in a wide temperature
range, for the un-milled and milled ZnO samples. Figure 6 shows the M-H loops and
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Figure 6.
(a) Initial curve, (b) M-H loop at 12 kOe, for pristine and milled ZnO samples at room temperature. (The inset

figure represents the enlarged view) [41].
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IM curves at room temperature, as well as an enlarged view of the M-H loops near the
origin (inset), at various ¢, for both unmilled and milled ZnO powders. It is noted that
(i) unmilled ZnO powder shows a paramagnetic (PM) in nature as M-H loop crosses
through the origin, which responds weakly to applied fields (see inset). (ii) In con-
trast, the milled ZnO powder responds to applied fields in a different way; at lower
applied fields, magnetization increases somewhat, while at higher applied fields, it
increases gradually. The magnetization value of 0.9 emu/g is obtained for 40 hours
milled sample. When the t,,, is increased up to t,, = 40 hours, the rate of magnetization
rises steadily. After that, it dramatically declines when ¢,, is increased beyond

40 hours. Conversely, following the first milling, the Hc of pure ZnO, which was
initially recorded as zero because of its PM nature, has greatly grown (~ 100 Oe).
After 40 hours of milling, H rises to around ~172 Oe with rising t,,, and then
somewhat decreases for t,,, = 60 hours. Here, it links the structural, vibrational, and
magnetic properties to comprehend the origin of the FM found in the milled ZnO
particles. The M-H loop goes from the origin, and the pure, unmilled ZnO responds
weakly to the applied magnetic field. It is commonly known that the procedure for
ball milling significantly increases the number of defects in the beginning material
through repetitive cold welding and fracturing to create different nanoparticles. Thus,
as can be shown in the current instance, size reduction and vacancy creation take
place in milled ZnO powders. This is in good accord with previous find-

ings [14, 18, 63, 64] for comparable materials. It is anticipated that the FM order will
rise in tandem with defect density if the ball milling process causes the defect density
to increase as t,, increases. Further, this could be correlated with the results of the
Raman spectra, displayed in our earlier paper [43]. However, because longer milling
causes a minor increase in average crystal size, a t,,, increase beyond t,, = 40 hours
leads to a slight drop in magnetization. These findings imply that the size-varying
ZnO in the nanoscale range, with oxygen vacancies and/or Zn interstitials formed in
this milling process, is the cause of FM in the ZnO under investigation. These findings
support a strong relationship between ZnO powders’structural, vibrational, and mag-
netic characteristics. At least to the detection limit of this method, contaminants in the
milled ZnO could not be found from EDS and X-ray photoelectron spectra (XPS)
shown in earlier paper [43]. Remarkably, as t,,, grows, the percentage of Oy rises
significantly and the O¢ component rises somewhat at the expense of the O-Zn
component. This demonstrated that significant oxygen vacancies are introduced
during the ZnO milling process, resulting in oxygen deficiency present in the ZnO
particles [43].

To investigate how structural refinement affects magnetic characteristics, M-H
loops were monitored under various temperatures ranging from 30 K to 300 K, as
shown in Figure 7. It is found that (i) pure ZnO powder, because of its PM nature,
responds weakly to applied fields and that the nature of the loops remains constant at
low temperatures. (ii) In a similar vein, the milled powder loops’ characteristics
remain unchanged as the temperature of measurement drops. (iii) For all of the milled
powders, however, the area under the loops grows significantly as the temperature
drops. To comprehend how temperature affects different magnetic characteristics,
Figure 8 shows the values of H¢ and is displayed with temperature. The milled ZnO
powders’ Hc(T) rises when the temperature drops, although the rate of increase in He
is mostly dependent on t,,, and ZnO crystal size. For the ZnO particles that are milled
for 01 hour, Hc(T) varies roughly linearly. The linear fluctuation of H(T) transforms
into a nonlinear form with increasing t,,, especially at lower temperatures. This may
be connected to the distinct magnetic characteristics of tiny ZnO nanocrystals with
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(a-f) Low-temperature M-H loops of t,, = 01—60 hours ZnO milled samples [43].

milling time-dependent defects that are dependent on temperature and field. How-
ever, for ZnO milled at various t,,, no regular fluctuations in the exchange field Hz(T)
with temperature were observed.

The influence of temperature-dependent magnetic characteristics of ZnO milled
powders at different milling time ¢,,, was investigated using low-temperature M-T
measurements at various constant applied fields under zero-field cooling (ZFC) and
field cooling (FC) conditions. The measurements were conducted at 2 K and 399 K
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Figure 8.
Variations of coercivity with temperature for milled ZnO powders [43].

without the application of a magnetic field. Next, a probing constant DC magnetic
field was employed to monitor the magnetization as a function of temperature

(ZFC method) during the warming procedure up to 399 K. The sample was then
subjected to a continual applied field cooling to 2 K (FC method) and measured
magnetization up to 399 K. Normalized magnetizations [M(T)/Masgox] as a function of
temperature for the ZnO powders milled at 01 and 40 hours are displayed in Figure 9
under ZFC (Mzrc) and FC (Mgc) conditions at various applied magnetic fields of
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Figure 9.
ZFC and FC curve for (a-c) t,, = 01 hours and (d-f) for t,, = 40 hours milled ZnO at different field variations
100, 500, and 5 kOe with temperature.
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100 Oe, 500 Oe, and 5 Koe, respectively. The figure clearly shows that there are
considerable differences in the magnetization data measured under ZFC and FC
conditions for each material tested under low applied magnetic fields of less than
500 Oe.

Consequently, for every sample, the bifurcation between Mzpc and Mgc was noted
at around 399 K. When the temperature drops below 300 K, Mzg¢ declines signifi-
cantly, but Mp¢ increases gradually until it reaches 20 K, at which point it suddenly
increases. With the increasing t,,, there is a noticeable increase in the M increase
below 20 K. This could be because significant defects in fine ZnO nanocrystals with
temperature and field-dependent magnetic characteristics cause a magnetic moment
to be generated in milled ZnO powders. Moreover, as Figure 9 shows, the presence of
bifurcation between Mzgrc and Mgc suggests a wider distribution of magnetic
moment, which results from the crystals’ wide size variation. Interestingly, for sam-
ples measured below 5000 Oe, the bifurcation point vanishes. ZnO NPs, nanowires,
nanoflowers, and thin films have all previously been documented to exhibit similar
properties [22, 23, 36, 65]. Curiously, no sharp peak is observed in the Mzp¢ curve at
lower temperatures, unlike what has been shown in NiO where the disordered surface
spins freeze. Furthermore, no regular variation in the bifurcation point with the
applied magnetic field has been noticed by us. So, the ZFC and FC show the FM in
nature in milled ZnO powders.

4, Conclusions

The study of the structural, vibrational, and magnetic characteristics at room and
low temperature of ZnO nanoparticles that were prepared by mechanically alloying
process to reduce their sizes systematically. As the milling time is increased, the
average crystallite size decreases, and the paramagnetic properties of pure ZnO are
replaced by induced ferromagnetic ordering. For 40 hours, milled ZnO particles
produced a maximum moment of ~0.9 emu/g at 12 kOe achieved and a coercivity
value of ~172 Oe. From the Raman spectra studies showed defect densities, like (V)
and (Vz,), cause FM in ZnO. The findings are examined about the decrease in
crystallite size and the defect density resulting from the oxygen vacancy and zinc
interstitial in the nanoparticles. Photonic and spintronic devices may be useful for
these prepared milled ZnO materials.
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Chapter7

Impact of Zinc Oxide Nanoparticles
Application on Rice Yield
and Quality

Novollah Kheyri

Abstract

Rice is the staple food of more than half of the world’s population. Zinc (Zn) isa
key micronutrient for plants, especially rice. Zinc deficiency can be a serious threat
to global food security due to a significant reduction in rice yield. Currently, the
application of zinc oxide nanoparticles (ZnO-NPs) through improving grain yield
(GY) and increasing rice grain enrichment can be considered as an effective strategy
to achieve the dual goal of ensuring food security and improving human health. This
chapter describes the applications of ZnO-NPs in rice plants in terms of resistance to
biotic and abiotic stresses, nutrient uptake and crop yield. The addition of ZnO-NPs
improves growth, increases agronomical parameters, enhances GY, and reduces the
allocation of heavy metals into edible parts like grains, thereby improving the yield
and quality of rice grains. In general, the present chapter emphasizes the beneficial
role of ZnO-NPs in improving the yield and quality of rice grains.

Keywords: grain enrichment, grain yield (GY), nanoparticles (NPs), nutrient uptake,
rice, zinc (Zn)

1. Introduction

Using nanoparticles (NPs) to feed crops is a modern technology in the agricultural
sector [1]. The diameter of NPs is less than 100 nm [2]. The small size of NPs facili-
tates the uptake of NPs by plants [3]. Fertilizers containing NPs increase the avail-
ability of nutrients, improve soil fertility and reduce environmental hazards when
compared with chemical fertilizers [4]. The application of NPs can accelerate plant
germination, improve resistance to biotic and abiotic stresses, increase the nutrient
use efficiency, enhance plant growth, and reduce environmental impacts compared
with traditional methods [5]. It has been reported that the application of ZnO-NPs
has a significant role in improving agronomic parameters and increasing the yield and
quality of rice grains [1, 6]. The application of ZnO-NPs increases the rice biomass
by improving the photosynthesis rate [7]. The addition of ZnO-NPs to the rice plants
increases the crop yield due to the gradual release of nutrients at the critical stages
of plant growth [8]. It has been proven that the foliar application of ZnO-NPs plays
avital role in reducing the accumulation of heavy metals like cadmium (Cd) and
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increasing the concentration of nutrients like Zn in rice grains [7]. Many studies
indicated that the application of ZnO-NPs at different growth stages enhances GY and
ameliorates Zn concentration in rice grains [9].

Therefore, in this chapter, we study the impacts of ZnO-NPs on the yield and qual-
ity of rice, with special emphasis on the role of ZnO-NPs in improving the nutrients
uptake, reducing the heavy metals toxicity, and increasing the rice grains yield.

2. Impacts of ZnO-NPs on rice yield and quality

Many studies indicate the positive effects of ZnO-NPs application on the yield and
quality of rice grains [1, 6-9]. Application of Zn has a significant impact on improving
growth, increasing yield [10] and enhancing Zn content in rice grains [11, 12]. Foliar
application of ZnO-NPs leads to improvement of rice grain yield through providing
nutrients and improving the process of absorption and allocation of mineral nutrients
to the grains [13]. The ZnO-NPs foliar application significantly enhanced nutrient
uptake like nitrogen, silicon, and Zn in rice, and as a result, improved the quantitative
and qualitative yield of rice grains [14]. Foliar application of ZnO-NPs on rice plants
reduced the Cd-induced toxicity in rice plant by increasing the chlorophyll content,
gas exchange parameters, Zn accumulation and alleviating the Cd concentration in the
plant [7]. ZnO-NPs contribute to the resistance of rice plants against heavy metals such
as Cd and Pb, thereby ameliorating GY and quality of rice under stress (Table 1) [15].

2.1 Impacts of ZnO-NPs on increasing yield components, grain yield, and nutrient
uptake of rice

The impacts of ZnO-NPs on yield components, GY and nutrient uptake of rice are
well recognized. Foliar spraying is an effective approach to increase Zn enrichment
in crops. Foliar application of nano-ZnO at the doses of 1 and 2 ml L™ increased the
GY by 50.4 and 40.4%, respectively, when compared with the control treatment
[6]. Sheikhnazari et al. [16] showed the positive impacts of ZnO-NPs foliar spray on
rice plants. They reported that the addition of ZnO-NPs to rice plants enhanced the
panicle length, number of fertile tiller hill 1000-grain weight, and GY by 4.6, 13.8,

Impact onrice References

(i) Increased fertile tillers hill"!, number of filled grains panicle’, and GY; (ii) Kheyri etal. [1]
improved Si and Zn uptake in grain; and (iii) ameliorated protein yield in grain

(i) Increased GY; and (ii) enhanced N, P, K, and Zn uptake in grain Apoorvaetal. [6]

(i) Reduced Cd accumulation in grains and shoots; and (ii) increased growth and yield Alietal. [7]

(i) Increased panicle length, number of fertile tillers hill™", number of filled grains Kheyri et al. [9]

panicle’, and GY; and (ii) improved concentration and uptake of Zn in grain

(i) Improved chlorophyll content; (ii) increased yield components and GY; and (iii) Kheyri et al. [14]

enhanced N, Si and Zn concentrations in grain

(i) Improved plant resistance to Cd and Pb toxicity; and (ii) increased GY Venkatachalam
etal. [15]

Abbreviations: Si: silicon; N: nitrogen; P: phosphorus; K: potassium; Zn: zinc; Cd: cadmium; Pb: lead; GY: grain yield.

Table 1.
Beneficial impacts of ZnO-NPs on rice yield and quality.
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2.3, and 8.3%, respectively, when compared with non-Zn treated plants. Upadhyaya
etal. [17] observed that foliar application of 25 and 50 mg L™ nano-ZnO increased
the rice growth by improving the activity of antioxidant enzymes such as catalase,
peroxidase, and superoxide desmutase, as well as preventing the damage of reactive
oxygen species (ROS). The addition of nano-ZnO to rice significantly increased the
total tillers number hill ™, the 1000-grain weight, the GY, and the Zn concentration
in grain [18]. Baral et al. [19] concluded that the zinc oxide nanoparticles application
along with 100% NPK resulted in a significant increase in plant height by 14.4%,

Zn concentration in grain by 17.6%, Zn uptake in grain by 65.9%, and GY by 58.8%,
compared with control treatment. Kheyri et al. [20] demonstrated that the foliar
application of ZnO-NPs increased the chlorophyll content (3.5%), the Si uptake in
grain (26.7%), the Zn uptake in grain (54.3%), and the protein yield in grain (21%).
In a study, Gomaa et al. [21] investigated the effects of nano-ZnO and Fe fertilizer

on growth and productivity of some rice cultivars. They reported that the nano-ZnO
application increased the plant height (15 and 13.4%), the panicle length (15.4 and
13.9%), the number of panicles per m? (16.7 and 21.1%), and the number of filled
grains per panicle (16.1 and 16.2%), respectively in 2017 and 2018 seasons, when
compared with control treatment (water). Rameshraddy et al. [22] observed that

the ZnO-NPs-treated plants showed higher plant height, higher chlorophyll content,
higher biomass, higher tiller number, and greater GY, when compared with non-
treated plants. Zhang et al. [23] investigated the yield and quality of rice plants under
ZnO-NPs. Plants that received ZnO-NPs showed higher panicle number (4.8-13.1%),
higher spikelets per panicle (4.81-10.69%), higher 1000-grain weight (3.82-6.62%),
and higher filled grain rate (0.28-2.36%), when compared with plants that did not
receive ZnO-NPs. Also, the rice plants had higher leaf area index (LAI) and greater
SPAD values under ZnO-NPs. Additionally, the application of ZnO-NPs had a high
potential to improve the rice quality. The highest amylose content, protein content
and Zn content of edible polished rice was obtained by the ZnO-NPs application. In
this study, the higher GY was achieved through increasing photosynthetic materials
and higher dry matter accumulation. Foliar application of Zn at the flowering stage
significantly increased the Zn content in rice, thereby enhancing the rice quality [24].
Saad Kheir et al. [25] investigated the effects of ZnO-NPs compared with Si-NPs on
yield and yield components of rice. Compared with the nano-Si foliar application, the
nano-ZnO foliar spray was more effective in increasing yield and yield components of
rice (Table 2). The nano-ZnO-treated plants showed higher plant height (5%), higher
panicle length (9.8%), higher chlorophyll content (2.1%), higher number of grains
panicle™ (12.4%), higher 1000-grain weight (6.8%), higher straw yield (2.5%), and
higher GY (11.8%), when compared with nano-Si-treated plants. Additionally, ZnO-
NPs foliar application increased plant height, panicle length, chlorophyll content,

Nanoparticles Plant Panicle  Chlorophyll Number 1000-grain Grain Straw
height length content of grains weight (g) yield yield
(cm) (cm) (SPAD) 1:»amicle’1 (t ha™) (t ha™)
Control 714 18.5 399 55.2 24.8 39 75
Nano-ZnO 814 225 424 70.2 277 51 8
Nano-Si 773 203 415 615 25.8 4.5 7.8
Table 2.

Comparison of ZnO-NPs foliar application with Si-NPs foliar spraying on yield components and yield of rice [25].
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number of grains panicle'l, 1000-grain weight, GY, and straw yield by 12.3, 17.8, 5.9,
21.4,10.5, 23.5, and 6.2%, respectively, compared with the control treatment.

In another study, Kheyri et al. [14] compared the impacts of nano-ZnO and nano-
Si on the morphophysiological traits of rice. These researchers found that foliar appli-
cation of nano-ZnO on rice plants increased the plant height by 1 and 3.5%, number
of fertile tillers hill ™" by 3.6 and 20.4%, number of filled grains panicle ' by 5.6 and
10.3%, chlorophyll content by 1.6 and 3.5%, GY by 2.5 and 15.2%, Zn concentration in
grain by 21.8 and 46.5%, and N concentration in grain by 1.4 and 6.2%, respectively,
when compared with nano-Si and control treatment (Table 3).

Studies have shown that the application of Zn in the form of NPs has more posi-
tive effects than traditional Zn in terms of improving yield components, yield and
nutrients content in rice. Kheyri et al. [1] documented that foliar application of
ZnO-NPs significantly increased agronomic traits, grain yield and Zn concentration
in rice tissue when compared with zinc sulfate (Table 4). They found that the ZnO-
NPs foliar application resulted in a significant increase in number of fertile tillers
hill ! by 4.5 and 15.2%, number of filled grains panicle " by 2 and 6.5%, GY by 3.7 and
12.7%, straw yield by 2 and 9.6%, Zn concentration in grain by 9 and 33.2%, and Zn
concentration in straw by 14.3 and 42.2%, respectively, compared with zinc sulfate
application and control treatment.

The application of different doses of ZnO-NPs can have various impacts on agro-
nomic and physiological characteristics of rice. In a study, effects of different applica-
tion dosage of ZnO-NPs (0, 3.75, 7.5, 15, 30, and 60 kg hm ™) during two cropping years
(2019 and 2020) on rice yield and quality were investigated. In this section, the two-
year average of the results of these researchers was examined. The addition of ZnO-NPs
(30 kg hm™) to rice plants significantly increased the spikelets per panicle (116.88),
the seed-setting rate (92.40%), the 1000-grain weight (26.81 g), the harvest yield
(10.41 thm™), the dry matter weight at maturity stage (18.64 t hm™), and the grain Zn
accumulation (236.16 g hm™) compared with other doses of ZnO-NPs. However, the
higher protein content (780%) and the greater grain Zn content (22.83 mg kg™*) were
obtained by the application of ZnO-NPs at the dose of 60 kg hm™. The higher amylose
content (12.45%) was observed under the conditions of application of 15 kg hm™ of
ZnO-NPs (Table 5). In general, the results of these researchers showed that the ZnO-
NPs application at the rate of 30 kg hm™ had the greatest impact in improving the yield
and quality of rice compared with other doses used [26].

Ghasemi et al. [27] investigated the effects of different ZnO-NPs rates at mid-
tillering + panicle initiation stages on yield and yield components of rice. The rice

Zinc Fertile Number Grain Straw Zn Zn
fertilizer tillers of filled yield yield concentration concentration
hill™ grains (kg ha™) (kg ha™) in grain in straw
panicle™ (mg kg™) (mg kg™)

Control 15.0 878 3887 5239 2113 24.67
Zinc 16.9 92.0 4285 5676 28.78 36.62
sulfate
Nano- 177 93.9 4451 5793 31.64 4272
ZnO

Table 4.

Comparison of ZnO-NPs foliar application with zinc sulfate application on agronomic traits, grain yield and zinc
concentration in rice [1].
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ZnO-NPs Number of Number of 1000-grain Grain yield Straw yield

application rate total tillers total spikelets weight (g) (kg ha?) (kg ha?)

(ppm) hill* panicle'1

0 217 1194 26.03 5600 6750

20 24 125.2 26.14 6332 7470

40 237 1289 26.58 6483 7502
Table 6.

Effects of ZnO-NPs application rate on yield components and yield of vice [27].

plants treated with nano-ZnO at the rate of 40 ppm had higher number of total tillers
hill ™ (5.5 and 8.4%), higher number of total spikelets panicle'1 (2.9 and 74%), higher
1000-grain weight (1.6 and 2.1%), higher GY (2.3 and 13.6%), and higher straw yield
(0.5 and 10%), respectively, compared with nano-ZnO foliar application at the rate of
20 ppm and control treatment or non-use of ZnO-NPs (Table 6).

2.2 Impacts of ZnO-NPs on improving yield and quality of rice under biotic and
abiotic stresses

Nanotechnology is a new and developing technology that can play a vital role
in reducing abiotic stress [28]. The application of ZnO-NPs has a high potential to
compensate for Zn deficiency and to deal with various stresses, which are used by
different methods such as seed priming, foliar application on plants, and root applica-
tion [29]. In rice plants, the ZnO-NPs alleviated the drought stress by maintaining
the membrane stability and higher expression of Cu/Zn superoxide dismutase (SOD)
[22]. Saad Kheir et al. [25] found that ZnO-NPs foliar application on rice plants under
saline and alkaline soils enhanced plants’ resistance to abiotic stresses and thus ame-
liorated rice growth and yield. Elamawi et al. [30] evaluated the impact of ZnO-NPs
at the dosage of 0, 10, 20 and 30 ppm during two cropping years (2013 and 2014) on
brown spot disease, morphological traits, yield attributes and GY of rice under saline
soil. In this section, researchers’ findings were presented as a two-year average. The
higher plant height (80 cm), the higher panicle length (18.41 cm), the higher number
of tillers m? (471.9), the higher number of panicles m? (429.7), the higher number
of filled grains panicle’ (106.4), the higher 1000-grain weight (21.7 g), the higher
GY (4.83tha™), and the higher straw yield (6.12t ha!) when observed that the rice
plants treated with ZnO-NPs at the dosage of 30 ppm. However, the application of
all dosage of ZnO-NPs improved the yield components and GY of rice compared
with the control treatment. The lowest infection severity (133.3) was observed by the
application of ZnO-NPs at the dosage of 20 ppm. They concluded that the ZnO-NPs
foliar application at the rate of 20 ppm can simultaneously reduce brown spot disease
severity, ameliorate rice growth, yield attributes, GY, thereby improves rice plants
resistance and/or tolerance to salinity stress (Table 7).

The application of nano-ZnO is a novel strategy to improve the growth and yield
of rice plants by increasing tolerance to biotic and abiotic stresses [31]. Singh et al.
[32] studied the impact of ZnO-NPs on seed germination characteristics in rice plants
under salinity stress. They revealed that application of ZnO-NPs at the rate of 50 mg L™
alleviated the negative effect of salinity stress on rice genotypes during the germina-
tion stage. Application of ZnO-NPs at the rate of 50 mg L' modulated the impact of
salinity stress on relative seed germination rate, root and shoot growth, chlorophyll and
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Impactonrice References
(i) Increased SOD activity; and (ii) alleviated the drought stress Rameshraddy et al. [22]
(i) Increased plant height, panicle length, number of tillers m?, number of Elamawi et al. [30]

panicles m% number of filled grains panicle™, 1000-grain weight, GY, and straw
yield; and (ii) reduced brown spot disease severity

(i) Increased growth and yield; and (ii) Improved tolerance to biotic and abiotic Qiuetal. [31]
stresses

(i) Modulated the impact of salinity stress on relative seed germination rate, Singh etal. [32]
root and shoot growth, chlorophyll and carotenoid stability; (ii) reduced MDA
content; and (iii) increased activity of antioxidant enzymes like SOD and APX

(i) Increased panicle length, number of tillers per plant, number of panicles Wagqas Mazhar et al. [33]
per plant, number of spikelets per panicle, and paddy yield; (ii) reduced MDA

content; (iii) enhanced activity of antioxidant enzymes like CAT, POD, and

SOD; and (iv) reduced drought stress

Abbreviations: CAT: catalase; POD: peroxidase; SOD: superoxide dismutase; APX: ascorbate peroxidase; MDA:
malondialdehyde; GY: grain yield.

Table 8.
Beneficial impacts of ZnO-NPs on yield and quality of rice under biotic and abiotic stresses.

carotenoid stability, and malondialdehyde content. Also, when ZnO-NPs are applied

at the dosage of 50 mg L™, the activity of antioxidant enzymes like SOD and ascorbate
peroxidase (APX) increased. The significant effect of ZnO-NPs in mitigating drought
stress depended on the dosage of ZnO-NPs used. Waqas Mazhar et al. [33] investigated
the effect of seed nano-priming with different dosage of ZnO-NPs (0, 5, 10, 15, 25,

and 50 ppm) on agronomic characteristics of rice plants under drought stress. They
demonstrated that the rice plants treated with ZnO-NPs at the dosage of 25 ppm had
higher panicle length, higher number of tillers per plant, higher number of panicles per
plant, higher number of spikelets per panicle, and higher paddy yield, when subjected to
drought stress. Application of 25 ppm ZnO-NPs also reduced the leaf MDA content and
increased the activities of antioxidant enzymes like CAT, POD, and SOD in rice plants
under drought stress. However, the greatest reduction in the MDA value was observed
when ZnO-NPs were applied at a dosage of 50 ppm. These researchers reported that seed
priming with ZnO-NPs led to a 53% reduction in MDA content and a 13%, 38%, and 11%
increase in CAT, POD and SOD, respectively, in rice plants under water stress (Table 8).

3. Conclusions

The findings of the studies show that the proper use of ZnO-NPs can be a promis-
ing option to improve the quality of rice by fortifying rice with Zn. Additionally,
application of ZnO-NPs has a high potential to increase rice yield by improving yield
components. The application of ZnO-NPs is helpful in biotic and abiotic stresses
mitigation by increasing activity of antioxidant enzymes like CAT, POD, APX, and
SOD and reducing MDA content. However, a complete understanding of how ZnO-
NPs affect the physiological and molecular interactions affecting the quantitative and
qualitative yield of rice, especially rice plants under stress, requires further detailed
research. In general, ZnO-NPs application has a beneficial role in increasing the yield
and quality of rice grains, thus the use of ZnO as nanoparticles can provide a modern
insight in the agricultural industry.
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Chapter 8

Bioinspired Fibrous Architectures
Based on ZnO Templated by
Eggshell Membranes

Nicoleta Preda, Marcela Socol, Andreea Costas and Irina Zgura

Abstract

ZnO-based nanostructures emerge as promising materials due to their potential
applications in fields including electronic devices, photodetectors, photocatalysts,
biocides, etc. The bio-template-mediated synthesis is a straightforward approach for
obtaining inorganic or hybrid organic/inorganic materials with tailored morpholo-
gies and functional properties. Eco-friendly waste, eggshell membrane (ESM) is an
ideal bio-template for the development of 3D hierarchical porous architectures due
to its specific 3D interlaced fiber protein network structure. Therefore, this chapter
is focused on the ESM-mediated synthesis of 3D fibrous architectures based on ZnO,
the ESM organic network being functionalized with inorganic nanostructures or
replicated into an inorganic one as follows: i) coated with ZnO layer by RF magnetron
sputtering, (ii) covered with ZnO by electroless deposition and (iii) replicated into
ZnO web by biomorphic mineralization. The obtained ZnO shows wurtzite structure,
band-gap value and emission bands typical for this semiconductor. The electri-
cal properties of the ZnO fiber webs were measured using interdigitated metallic
electrodes patterned substrates. The ESM conversion from a bio-waste into new
value-added nanomaterials is very attractive from the sustainability and recycle waste
perspective, the ZnO-based fibrous architectures featured by a large specific surface
area having potential applications in water purification, photocatalysis or chemical
Sensors areas.

Keywords: ZnO, eggshell membranes, organic/inorganic fibers, inorganic fibers,
fibrous architectures

1. Introduction

Over the last decades, zinc oxide (ZnO) has been extensively and intensively
assessed attracting an enormous interest from both science and industry. Thus, ZnO
micro/nanostructures emerge as a powerful class of advanced functional materials
[1-20], which can find applications in various domains ranging from electronics,
energy, and environmental protection to healthcare. Recently, a large number of com-
prehensive review papers provide synopses on the recent achievements attained in the
preparation and properties of ZnO nanomaterials and their use in electronic devices
[8], UV photodetectors [9], photovoltaic devices [10], gas sensors [11], nonlinear
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optical materials [12], biosensors [13, 14], photocatalysis [15-17], antibacterial agents
[18, 19], surface coating with special wetting properties [20], and so on. ZnO is an out-
standing material due to its properties [21, 22] such as wide bandgap (~3.3eV in bulk),
high exciton binding energy (~60 meV), high thermal conductivity (50 W/mK),
ultraviolet light absorption, high transmittance of visible light, strong luminescence
(even at room temperature), mechanical stability at room temperature, good bio-
compatibility, biodegradability and low toxicity. Moreover, the ZnO characteristics,
such as abundance, environmental friendly, and a vast family of 0D, 1D, 2D, and 3D
morphologies, recommend the ZnO-based materials for mass production with low
manufacturing costs, which can subsequently broaden their use in different industrial
settings. Furthermore, ZnO micro/nanostructures can be relative easily synthesized in
large quantities by different approaches [1-22] including physical techniques, con-
ventional chemical methods, or green synthesis routes. Hence, in previous papers, we
reported on the preparation of various ZnO micro/nanostructures (particle, rod,

wire, core-shell, flower, or snowflake) by thermal oxidation in air [23-26], chemical
precipitation [27-29], aqueous solution growth [26] and chemical bath deposition [30]
for potential applications in field effect transistors [26], photovoltaic cells [27], chemi-
cal sensors [30], photocatalysts [24, 28], antibacterial agents [28], and surfaces with
special wetting properties (superhydrophobic, no-loss liquid transportation, anticor-
rosion, or self-cleaning) [23, 25, 30]. Finally, ZnO is an ideal system for exploring

the morphology-properties-applications relationship being well-known that the size,
shape, and surface chemistry of the semiconducting structures can strongly influence
their properties, these being further responsible for their applications.

Eggshell membrane (ESM) is an affordable, inexpensive, easy-handling, and
renewable biomaterial, which, for a long time, was considered just a common
industrial and domestic waste. Nevertheless, owing to its unique three-dimensional
(3D) interlaced fibrous protein network structure, ESM presents very useful proper-
ties [31-33] such as flexibility, high porosity, high absorption capacity, large surface
area, good permeability, good mechanical strength, good thermal stability, biocom-
patibility, and biodegradability. As a consequence, in the last decade, ESM has been
in the spotlight gaining a huge popularity in its conversion from an abundant daily
waste into a source for developing new value-added materials using bioinspired
strategies. It must be mentioned that the ESM biopolymeric network is formed by
fibers containing 80-85% proteins in their composition (10% collagens types 1, V,
and X and 70-75% other proteins and glycoproteins) [31]. Accordingly, the ESM
surface contains numerous functional chemical groups (amine, amides, carboxylic)
that play a major role in its functionalization or replication. Thus, in different forms
(pristine, modified, or carbonized), the ESM has been used as (i) component in
triboelectric nanogenerators [34], fuel cells [35], supercapacitors [36], lithium-ion
battery [37]; (ii) sorbent of water contaminants, such as dye molecules [38] or heavy
metals [39]); and (iii) immobilization platform for biosensors [40]. Biomaterial with
an antibacterial and anti-inflammatory activity, the ESM porous structure can favor
the diffusion of gas and water molecules assisting the attachment and proliferation
of the cells. In this way, ESM can control the moisture content of a wound, provides
an antibacterial barrier, and helps the covering of the wound preventing and reduc-
ing the bacterial growth. Therefore, ESM is an excellent biocompatible material
for wound healing of skin injuries [41] and tissue engineering [42]. Furthermore,
the ESM fiber-interwoven architecture makes this biowaste an ideal bio-template
for designing 3D hierarchical porous architectures. Hence, the ESM network was
successfully functionalized with conducting polymers [43-45] or semiconducting
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nanostructures [46-48] and replicated into a semiconducting one [49-51], the new
materials having potential applications in areas, including supercapacitors [44], fuel
cells [45], actuators [43], antibacterial agents [46], photocatalysts [49], and water
treatment [47, 50].

In this context, the aim of this chapter is to highlight the way in which functional
hybrid ESM/ZnO webs and ZnO fiber webs can be developed by combining ESM
as bio-template and ZnO preparation approaches such as radio frequency (RF)
magnetron sputtering, electroless deposition, and biomorphic mineralization. In
the following, we summarized the major attribute of each ZnO preparation methods
involved in our work.

The radio frequency magnetron sputtering can be regarded as a “clean” environ-
mental friendly preparation approach being a solution-free route (does not involve haz-
ardous precursors and does not generate harmful by-products), which uses only solid
sputtering targets in the deposition of the metal oxide layer [46, 52, 53]. Versatile, high-
yield, and low-temperature vapor deposition technique, this preparation path can be
employed to obtain nanostructured layers on a wide range of substrates, the deposited
films being usually polycrystalline, uniform, with a good adhesion on the surface
intended to be covered.

The electroless deposition can be considered an easily approach, which uses
accessible raw precursors (metal salt and reducing agent), low process temperature,
ambient pressure processing, and simple equipment (the chemical redox reactions
take place in aqueous solutions) [47, 54, 55]. This synthesis method is based on the
growth of the metal oxide structures only on a metal-catalyzed surface, the surface
intended to be coated being firstly modified with a catalyst metal, such as palladium
or gold. Hence, the electroless deposition allows the coating of organic nonconduc-
tive substrates with plain or 3D shapes by a uniform and adherent metal oxide
structured layer.

The biomorphic mineralization is a straightforward approach for obtaining metal
oxide materials with tailored architectures and properties by selecting an appropriate
bio-template, this preparation path using low-cost reagents (metal salt precursors),
inexpensive equipment and involving just a simple immersion of a bio-template into
precursor solution and a subsequent calcination [49-51, 56-60]. In the case of this
method, nature is an inexhaustible source of organic templates (leaves [56, 57], wood
[58], butterfly wings [59], eggshell membranes [50, 51], etc.), each of them with
an innate architecture that a priori can be perfectly replicated into an inorganic one
containing metal oxide particles as building blocks.

The properties of the prepared samples (pristine ESM, ZnO-functionalized ESM,
and ZnO replica of ESM) were evaluated from the structural, optical, and morpho-
logical point of view employing X-ray diffraction (XRD), reflectance, photolumi-
nescence, field-emission scanning electron microscopy (FESEM), and atomic force
microscopy (AFM). The elemental composition and vibrational properties of some
samples were investigated by energy dispersive X-ray analysis (EDX) and Fourier-
transform infrared spectroscopy (FTIR). The wetting properties of the samples
were also tested. Furthermore, a possible pathway to integrate the bioinspired ZnO
fiber webs in the electronic devices is evaluated by using interdigitated metallic
electrodes as substrates during the ESM removal by calcination treatment. The main
advantage of this approach is represented by the fact that the semiconducting fibers
form bridges over the neighboring grid structures providing electrical paths between
them. In this way, the electrical circuit is closed without any additional lithographical
contacting steps.
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The information from this chapter provides new insights concerning the develop-
ment of the bioinspired 3D fibrous architectures based on ZnO templated by eggshell
membrane. In the same time, from the waste valorization perspective, a biowaste is
converted into new value-added ZnO-based nanomaterials [61]. Furthermore, owing
to their high surface area, these bioinspired architectures with a well-defined mor-
phology can emerge as key materials for applications in gas sensing, water treatment,
photocatalysis, etc.

2. Eggshell membrane mediated synthesis of 3D fibrous architectures
based on ZnO

The eggshell membranes were obtained from commercial fresh hen eggs bought
from local supermarkets using the following steps: (i) the eggs were gently broken,
(ii) the eggshells were rinsed with distilled water in order to eliminate the yolk and
the albumen, (iii) the eggshell membranes were manually stripped from eggshells
and washed many times with distilled water for several days in order to remove any
residual albumen traces (Figure 1a), (iv) the wet eggshell membranes were drying
for a few days in air (ambient conditions) by fixing them mechanically between two
overlapping stainless-steel frames for avoiding their warp (Figure 1b), and (v) the
dried eggshell membranes were taken off from the metal supports and used as bio-
template in the functionalization or replication processes. The FESEM images of the
ESM reveal the distinctive 3D hierarchical porous architecture (Figure 1c) formed by
interpenetrating fibers with diameters in the micrometer range (Figure 1d).

The preparation of ZnO-based architectures using ESM as bio-template was car-
ried in accordance to the procedures described in the references [46, 47, 49] as follows:

Radio frequency (RF) magnetron sputtering: The native ESM was coated with
the ZnO layer using a ZnO sputtering target as source, and the process was carried
in argon atmosphere using the following experimental parameters: 3 h — deposition
time, 5.4 x 107> mbar — pressure in the chamber, and 100 W — power applied on the
magnetron.

Electroless deposition: The native ESM was firstly coated with a catalytic gold
layer by magnetron sputtering, and the metalized ESM was subsequently immersed
at 70°C for 2 h into an aqueous deposition solution containing zinc nitrate (0.07 M
Zn(NOs), 6H,0) and dimethylamineborane (0.01 M (CH;),NHBH;), the growth of
ZnO structures taking place only on the activated surface via the redox reactions.

Biomorphic mineralization: The native ESM was immersed for 24 h at room tem-
perature into an aqueous solution containing 0.3 M Zn(NOs), 6H,0, the impregnated

Figure 1.
Optical images of ESM during washing in water (a) and drying in air (b). FESEM images of ESM at two
magnifications (c, d).
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ESM being further placed on Si/SiO, substrates, dried in air for 12 h at ambient condi-
tions and subsequently calcined at 550°C for 3 h.

The following will be given some particularities of the electroless deposition and
biomorphic mineralization processes. Hence, according to references [55, 62], the
chemical reactions involved in the ZnO electroless deposition are:

a.Zn(NOs), —» Zn* + 2NOy”

b.2(CH;),NHBH; +4H,0 — 2HBO, + 2(CH;),NH," + 5H, + 2
¢.NO;™ + H,O + 2e” - NO, + 2HO"

d.Zn* + 2HO™ — Zn(OH),

e.Zn(OH); - ZnO + H,0

Thus, in the presence of the Au catalyst, the dimethylamineborane is oxidized
releasing electrons that further reduce nitrate ions to nitrite ions. In this way, the pH
increases in the vicinity of the metalized surface, and the hydroxyl ions react with
the zinc ions and lead to the formation of zinc hydroxide that subsequently is thermal
dehydrated to ZnO. For this reason, the ZnO growth occurs mainly on the catalytic
surface, the electroless deposition offering an excellent site-selectively deposition on
complex structures such that of ESM, namely a 3D fibrous architecture.

As regards the replication of the ESM into ZnO, the functional chemical groups
from the ESM surface [31] can assist the binding of zinc ions. The FESEM image
(Figure 2a) and the corresponding EDX mapping (Figure 2b) of the ESM impreg-
nated with zinc ions show the following chemical elements: (i) C, O, and N (ESM
typical elements), (ii) Au (a thin layer of metal being deposited on the ESM prior to
its morphological assessment), and (iii) Zn (zinc ions adsorbed on the ESM). The
Zn distribution on the ESM surface confirms the ESM control through its functional
groups on the uniform adsorption of the zinc ions during the immersion.

The vibrational fingerprints of these functional chemical groups presented in the
ESM protein fibers can be identified in the FTIR spectrum (Figure 3), the assignment
of the absorption bands being made based on the literature data [32]: (i) stretch-
ing vibrations of the O-H and N-H groups at 3310 cm™’; (ii) asymmetric stretching

Figure 2.
FESEM (a) and EDX mapping (b) images of the ESM impregnated with zinc (used in the biomorphic
mineralization).
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Figure 3.
FTIR spectrum of raw ESM.

vibrations of the C-H bond from =C-H and =CH, groups at 3084 cm ™, 2966 cm ™
and 2878 cm™; (iii) amide I, amide II, and amide III groups from the ESM protein
structure at 1686 cm™, 1560 cm™* and 1240 cm ™! linked to vibrations of the C=0 bond
and the deformation vibrations of the C-N and N-H bonds; (iv) stretching vibrations
of C=C at 1452 cm™’; (v) asymmetric and symmetric stretching of the -COO from the
ESM protein structure at 1400 cm™Y; (vi) vibration modes of C-O at 1082 cm™; and
(vii) vibration modes of C-S at 662 cm ™.

Concerning the ESM thermal behavior during the calcination step involved in the
biomorphic mineralization, according to the literature [63], the thermal decomposi-
tion of ESM is a multistep process: the first stage of decomposition starts very early at
~60°C due to the thermal denaturation of collagen and finishes at ~120°C; the second
stage of decomposition takes place in the range between 250 and 450°C as a conse-
quence of the thermal degradation of collagen.

Optical and FESEM images at low magnification of the investigated samples
are presented in Figure 4 being labeled as follows: pristine ESM (P0), ZnO-
functionalized ESM by RF magnetron sputtering (P1), and ZnO-functionalized ESM
by electroless deposition (P2) and ZnO replica of ESM by biomorphic mineralization
(P3). It can be noticed that the color of the samples varies from the white-ivory (P0)
to beige (P1), brown (P2), and white-gray (P3). Also, it must be emphasized that
the distinctive 3D framework of the ESM bio-template is well preserved during the
functionalization process by RF magnetron sputtering and electroless deposition or is
perfectly inherited during the replication process by biomorphic mineralization.

The structural information of the investigated samples was obtained by XRD
analysis, while their optical properties were evaluated by diffuse reflectance and
photoluminescence. Thus, XRD patterns, the reflectance spectra, the representation
of the Kubelka-Munk function used for estimating the value of the band gap, and
the photoluminescence spectra of the PO-P3 samples are presented in Figures 5-8,
respectively.

In Figure 5, the XRD pattern of PO sample discloses the amorphous character of
ESM owed to its composition based on amine, amides, and carboxylic compounds.
The XRD patterns of P1-P3 samples reveal the peaks at 20: 31.7°, 34.4°, 36.2°, 47.5°,
56.6°, and 62.8° assigned to (100), (002), (101), (102), (110), and (103) planes of the
hexagonal wurtzite ZnO structure (ICDD 00-035-1451). Besides of these diffraction
peaks, the XRD pattern of P2 sample exhibits peaks at 20: 38.2°, 44.4°, and 64.5°
indexed to (111), (200), and (220) planes of the face-centered cubic Au structure
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Figure 4.

Optical images and FESEM images of pristine ESM (Po), ZnO-functionalized ESM by RF magnetron sputtering
(P1), ZnO-functionalized ESM by electroless deposition (P2), and ZnO replica of ESM by biomorphic
mineralization (P3).

(ICDD 03-065-2870), the metal playing the catalytic role in the ZnO electroless
deposition. Because the P2 sample was fixed with a Cu tape on the substrate, the XRD
pattern of this sample discloses also the peaks at 26: 43.3° and 50.4° associated to (111)
and (200) planes of the face-centered cubic Cu structure (ICDD 00-004-0836).

In Figure 6, the reflectance spectrum of PO sample shows a decrease at ~330 nm,
in agreement to that reported for ESM [64]. In the reflectance spectra of P1-P3
samples, a strong decrease can be noticed at about 380-420 nm associated to the
band-to-band transition in ZnO [22, 65].

In Figure 7, based on the reflectance data and using the Kubelka—Munk func-
tion, the band-gap value of ZnO was evaluated at approximately 3.1 eV (P1), 3.3 eV
(P2), and 3.24 eV (P3) by plotting [F(R)*E]? vs. photon energy (E), where F(R) =
(1-R)%*/2R and R was the measured diffuse reflectance.

195



Zinc Oxide Nanoparticles — Fundamentals and Applications

3 35
8 s
=y 2
g 2
- 'GE} L 1 i 'l
20 30 40 50 60 20 30 40 50 60
2-theta (degree) 2-theta (degree)
[]
| =
3 3
o) =,
2 =
] 7]
c c
2 2
= =

nN
o

30 40 50 60
2-theta (degree) 2-theta (degree)

Figure 5.

XRD patterns of pristine ESM (Po), ZnO-functionalized ESM by RF magnetron sputtering (P1), ZnO-
functionalized ESM by electroless deposition (P2), and ZnO veplica of ESM by biomorphic mineralization (P3).
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Reflectance spectra of pristine ESM (Po), ZnO-functionalized ESM by RF magnetron sputtering (P1), ZnO-
functionalized ESM by electroless deposition (P2), and ZnO replica of ESM by biomorphic mineralization (P3).
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In Figure 8, the photoluminescence spectrum of PO sample shows a broad emis-
sion band with two peaks at ~430 and ~470 nm, similar to those reported for ESM
[66]. The photoluminescence spectra of P1 and P2 samples are dominated by the
ESM emission, only a weak shoulder at ~550 nm (~2.25 eV) due to the ZnO emission
being barely visible in the case of P2 sample. In the photoluminescence spectrum
of P3 sample, it can be clearly noted the ZnO emission: (i) a weak band in the UV
range centered at ~380 nm (~3.3 eV) linked to the band-band transition originating
from the recombination of the free excitons and (ii) an intense and broadband in
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Representation of Kubelka—Munk function employed to estimate the bad gap value of the ZnO-functionalized
ESM by RF magnetron sputtering (P1), ZnO-functionalized ESM by electroless deposition (P2), and ZnO replica
of ESM by biomorphic mineralization (P3).
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Photoluminescence spectra of pristine ESM (Po), ZnO-functionalized ESM by RF magnetron sputtering (P1), ZnO-
functionalized ESM by electroless deposition (P2), and ZnO replica of ESM by biomorphic mineralization (P3).
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the visible domain centered at ~510 nm (~2.4 eV) related to various defects such as
OXygen vacancy, zinc vacancy, interstitial oxygen, interstitial zinc, etc. [67].

The morphology of the investigated samples was evaluated by FESEM technique.
The FESEM images acquired at different magnifications and in cross-sectional mode
of the PO-P3 samples are given in Figures 9-11, respectively. In Figure 9 (left side at
lower magnification), the FESEM image of PO sample reveals a 3D porous interwoven
fibrous network structure consisting in a cross-linked smooth fiber with diameter
sizes in the micrometer range and pores of several micrometers. The FESEM images
of P1-P3 samples illustrate that this specific hierarchical porous configuration is

Figure 9.

FESEM images (at two magnifications) of pristine ESM (Po), ZnO-functionalized ESM by RF magnetron
sputtering (P1), ZnO-functionalized ESM by electroless deposition (P2), and ZnO replica of ESM by biomorphic
mineralization (P3).
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Figure 10.
FESEM images at higher magnification of ZnO-functionalized ESM by RF magnetron sputtering (P1), ZnO-
functionalized ESM by electroless deposition (P2), and ZnO replica of ESM by biomorphic mineralization (P3).

Z

Figure 11.

Cross-sectional FESEM images of pristine ESM (Po), ZnO-functionalized ESM by RF magnetron sputtering
(P1), ZnO-functionalized ESM by electroless deposition (P2), and ZnO replica of ESM by biomorphic
mineralization (P3).

successfully preserved or replicated during the functionalization of replication,
respectively. Hence, the experimental parameters involved in the RF magnetron sput-
tering, electroless deposition, or biomorphic mineralization processes are adequately
chosen for avoiding the embedding of the ESM fibers into a metal oxide thick layer. In
Figure 9 (right side at medium magnification), the FESEM images of P1-P3 samples
disclose the following details: (i) RF magnetron sputtering leads to the deposition of
a continuous and uniform ZnO structured film on the surfaces of the ESM fibers, (ii)
electroless deposition results in a completely and uniformly covered of the ESM fibers
with densely packed twin well faceted hexagonal prisms, and (iii) biomorphic miner-
alization directs an accurate replication process in which the inorganic replica inherit
perfectly the original 3D interconnected fiber skeleton of the organic template.

The FESEM images at higher magnification from Figure 10 disclose the fol-
lowing details concerning the structure and the size of ZnO: (i) P1 sample — the
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ZnO film consists in nanoparticles with a relatively homogeneous size at ~20 nm,

(ii) P2 sample — the ZnO prisms have sizes varying from 400 nm to 1 pm, and

(iii) P3 sample — the ZnO fibers are built from particles with a relatively homoge-
neous size distribution in the range of ~10-30 nm. In addition, the cross-sectional
FESEM images from Figure 11 emphasize interesting features such as (i) P1 and P2
samples — a hybrid structure based on ESM fiber organic core and ZnO inorganic
shell, (ii) P1 sample — the thickness of the ZnO shell is of ~300 nm, (iii) P2 sample
— assite-selectively growth of ZnO hexagonal prims only on the Au catalyst layer,
and (iv) P3 sample — the assembly of ZnO nanoparticles as building blocks in the
ZnO fibers. Hence, the mechanism involved in the ZnO growth by electroless deposi-
tion can be described as follows: (i) the nucleation process begins from the catalyst
layer, (ii) the catalytic reaction leads to the formation of the ZnO nuclei, and (iii)
when the activated surface of the fibers is entirely covered by the initial ZnO nuclei,
these become the growth sites for the hexagonal prism structures. In the case of the
biomorphic mineralization, the mechanism can take place as follows: (i) during the
immersion in the zinc nitrate aqueous solution, the ESM governs the uniform adsorp-
tion of the zinc ions and (ii) during the calcination, the zinc-occupied positions
become incipient centers of nucleation and initiate the growth of ZnO crystallites,
the process being accompanied by the ESM burnout, and in this way, ESM directing
the assembly of the ZnO crystallites in its particular architecture.

The topography of the investigated samples was analyzed by AFM technique. The
AFM images of PO-P3 samples from Figure 12 show that there is no distortion in the
fibrous architecture after functionalization or replication processes.

Thus, in comparison to the PO sample, P1-P3 samples show a lowering in the
roughness due to (i) the uniform coverage of the surface of the fibers with the
compact nanostructured ZnO layer by RF magnetron sputtering, (ii) the growth of
ZnO hexagonal prisms by electroless deposition, and (iii) the assembly of the ZnO
nanoparticles into the fiber resulting in an accurate inorganic replica of the organic
bio-template by biomorphic mineralization.

The behavior of raw ESM or ZnO-functionalized ESM in the presence of water is
a key parameter for potential applications in water purification, photocatalysis, anti-
bacterial areas, etc. Thus, when a water droplet is placed on the surface of the pristine
ESM, a hydrophobic behavior (water contact angle of ~122°) is noted immediately after
the water droplet placement (Figure 13a), similar to the results previously reported for
ESM [68]. In this case, the water droplet does not penetrate into the membrane due to
the air entrapped in its 3D porous structure. But this hindrance disappears very quickly
(~1min) and a penetration of the water droplet into membrane occurs (Figure 13b).
The same behavior is observed for ZnO-functionalized ESM by electroless deposition
but the penetration time of the water droplet increasing at ~3-4 min, the presence of
the ZnO structures on the surface of the ESM fibers being responsible for the decrease
of the space between them. Consequently, after the functionalization, the hybrid
structure conserves the ESM characteristic regarding the water absorption.

In order to evaluate the potential integration of ZnO fiber webs in the electronic
devices, sensors, etc., electrical measurements were carried on samples prepared as
follows: the ESM impregnated with zinc ions were placed on Si/SiO, substrates pat-
terned with interdigitated metallic electrodes, dried in air, and subsequently calcined.
The fabrication of the interdigitated metallic electrodes combines conventional
photolithography and RF magnetron sputtering deposition. Hence, a photoresist
was spin-coated on the Si/SiO, wafers, the obtained layer was exposed to UV light
through a mask, thermally treated, and after a developing procedure, the Ti (10 nm)/
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Figure 12.
AFM images of pristine ESM (Po), ZnO-functionalized ESM by RF magnetron sputtering (P1), ZnO-

functionalized ESM by electroless deposition (P2) and ZnO replica of ESM by biomorphic mineralization (P3).
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Figure 13.
The optical images of a water droplet immediately on its placement on the surface of the pristine ESM (a) and
after its penetration into ESM (b).
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Figure 14.
FESEM image (a), I-V characteristic (b), and semilogarithmic representation of the I-V characteristic (c) of the
3D fibrous networks based on ZnO.

Pt (200 nm) thin layer was deposited. The Ti layer is required for the improvement

of the adhesion of the Pt layer to the Si/SiO, substrates. Finally, after the photoresist
removal in a solvent, the interdigitated Ti/Pt electrodes were obtained. As can be seen
in the FESESM image of the ZnO fiber webs prepared on Si/SiO, patterned with inter-
digitated metallic electrodes, the semiconducting fibers formed bridges between the
neighboring grid structures being electrically self-contacted (Figure 14a). Hence, the
I-V characteristic of this sample recorded at room temperature in a two-point con-
figuration when the bias was swept from -1 V to +1 V reveals a symmetrical nonlinear
behavior (Figure 14b), indicating a Schottky contact between Pt and ZnO [69]. As
consequence, the Pt/ZnO/Pt structure can be considered a system consisting of two
back-to-back Schottky diodes, its ideality factor value being estimated at ~1.1 from
the semilogarithmic representation of the I-V characteristic (Figure 14c). Because
the ZnO fibers connect the interdigitated metallic electrodes, the transport of charges
takes place by percolating through the semiconducting junctions until it reaches to the
metallic electrodes [70].

Therefore, this approach that combines the biomorphic mineralization and
substrates patterned with interdigitated metallic electrodes offers the opportunity to
benefit in applications of both high surface-to-volume ratio and electrically self-
contacted features.

3. Conclusions

Eggshell membrane, a naturally occurring biopolymer with a unique architecture
consisting in 3D porous interwoven fibrous protein network, was used as bio-
template for developing ZnO-based nanomaterials using relatively simple and
inexpensive preparation approaches such as radio frequency (RF) magnetron
sputtering, electroless deposition, and biomorphic mineralization. The specific
3D fibrous web of the ESM was successfully preserved during its functionalization
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with ZnO by RF magnetron sputtering and electroless deposition or perfectly
inhered by its ZnO replica obtained by biomorphic mineralization. Thus, FESEM
images disclose that the ESM fibers were coated with a continuous and uniform
metal oxide layer formed by ZnO nanoparticles (RF magnetron sputtering),
covered with ZnO hexagonal prisms (electroless deposition), or replicated into
metal oxide fibers containing ZnO nanoparticles as building blocks (biomorphic
mineralization). The experimental parameters involved in the functionalization
processes were properly chosen for avoiding the embedding of the ESM fibers
into a metal oxide thick layer, the hybrid organic core/inorganic shell structure
being emphasized by the cross-sectional FESEM images. The XRD patterns and
reflectance spectra confirm the presence of ZnO in the functionalized or replicated
samples while the photoluminescence spectra clearly evidence ZnO only in the
replicated one. The wettability investigation shows that after functionalization
procedures, the hybrid structures maintain the ESM characteristic regarding the
water absorption. By combining the biomorphic mineralization method and the
substrates patterned with interdigitated metallic electrodes, the electrical prop-
erties of the self-contacted ZnO fiber webs were investigated, the transport of
charges taking place through the formed junctions over the interdigitated metallic
electrodes. Thus, electrical paths between the neighboring grid structures are
provided without any additional contacting steps.

Consequently, such bio-template mediated synthesis pathway based on the
conversion of an abundant biowaste, such as ESM, into a source for obtaining new
value-added nanomaterials can be very attractive from the environmental sustain-
ability and recycle waste perspective, the ZnO-based fibrous architectures having
potential applications in different areas (photocatalysis, water purification, electronic
devices, sensors, etc.).
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